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A number of small greenstone bodies of the Bridgetown Formation are exposed as 
elongated lenses and dykes within metasediments of the Malmesbury Group in the 
Western Cape Province, South Africa . The Malmesbury Group is part of the 
Neoproterozoic to Cambrian (Namibian) Saldania Subprovince which is the southern 
continuation of a Pan-African mobile belt system. 
A detailed geological and geochemical study was conducted on the largest outcrop 
of the Bridgetown Formation, situated 20km east of the town Moorreesburg. 
The Bridgetown Formation consists of a meta-volcano-sedimentary sequence that 
experienced polyphase deformation and metamorphism up to the lower greenschist 
facies. Tectonically , the Bridgetown Formation is included in the Boland tectonic 
domain, east of the Piketberg-Wel lington fault zone that is suggested to run Skm 
west of Heuningberg and subparallel to the Berg River. This agrees with Rabie's 
(1974) original subdivision of the tectonic domains. 
The Bridgetown Formation consists of: i) A basal unit of poorly differentiated 
alkaline metabasalt with a within-plate tectonomagmatic fingerprint. ii) An 
intermediate unit of poorly differentiated tholeiitic metabasalt, intruded by a younger 
tholeiitic metabasite with a low degree of differentiation. Both members of the 
intermediate unit have ocean-floor basalt (P-type MORB) and island arc basalt 
fingerprints. iii) An upper unit of poorly differentiated as well as more evolved 
alkaline metabasalts, interlayered with metatuff with an alkaline basaltic composition , 
metasedimentary rocks with a marine origin , and graphitic schists and muscovite-
quartz schists, both with a cont inental crust provenance. iv) An overlying 
metasedimentary sequence including dolomite, massive and oolitic chert, jasper and 
jaspilite. 
The Bridgetown Formation probably also comprises a lower metamorphosed 
ultramafic unit, indicated by the association of Ni- and Cr-rich talc bodies, Ni-and er-
rich banded chert, chlorite sch ist and small dolomite-talc-chlorite bodies at Spitskop, 
situated directly northwest of the main greenstone body. 
The sequence of eruptive stages and the geochemistry of the metavolcanics 
resemble Hawaiian volcanism , indicated by an initial deep water stage of alkaline 
magmatism, followed by main tholeiitic edifice and post-caldera alkaline magmatism. 
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Post-caldera alkaline magmatism occurred contemporaneously with deposition . of 
sediments and chemical precipitates (carbonates and cherts) . 
The Bridgetown metavolcanics have no magmatic association with either the 
Bloubergstrand volcanics or mafic and intermediate plutonic rocks in the 
Malmesbury Group. However, some physical and geochemical similarities exist 
between the Bridgetown Formation and the age related Grootderm Formation of the 
Marmora Terrane (Gariep Supergroup) which is considered to represent ophiolitic 
material. The Bridgetown Formation probably represents segments of oceanic crust, 
including seamounts of oceanic islands, which were tectonically emplaced in an 
accretionary prism zone during subduction of oceanic crust underneath the Kalahari 
Craton, 600 to 700 Ma ago. This resulted in the present spatial configuration of 
various small greenstone bodies in the Malmesbury Group. 
To date no exploitable mineral deposits have been found 1n the Bridgetown 
Formation. However, Au and As anomalies in stream sediment and soil samples, 
taken in the Spitskop area, require further attention. lt is suggested that the gold 
and arsenic is hosted in brittle deformed clear to milky quartz veins which developed 
at zones of competency contrasts in all the li tholog ies in the Spitskop area. 
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SAMEVATTING 
'n Aantal klein groenskisliggame van die Bridgetown Formasie is blootgestel as 
verlengde lense en gange binne metasedimente van die Malmesbury Groep in die 
Wes-Kaap Provinsie, Suid-Afrika. Die Malmesbury Groep is deel van die 
Neoproterozo·iese tot Kambriese (Namibiese) Saldania Subprovinsie wat die 
suidelike voortsetting is van 'n Pan-Afrikaanse mobiele gordel sisteem. 
'n Gedetaileerde geologiese en geochemiese studie is gedoen op die grootste 
dagsoom van die Bridgetown Formasie, gelee 20km oos van die dorp Moorreesburg. 
Die Bridgetown Formasie bestaan uit 'n metavulkanies-sedimentere opeenvolging 
wat pol ifase vervorming en metamorfisme tot en met die laer groenskis fasies 
ondergaan het. Die Bridgetown Formasie word hier in die Boland tektoniese domein 
ingedeel deur die Piketberg-Wellington verskuiwingsone 5km wes van Heuningberg, 
subparallel a an die Bergrivier, te plaas. Dit stem ooreen met Rabie ( 197 4) se 
oorspronkl ike verdeling van die tektoniese domeine. 
Die Bridgetown Formasie bestaan uit: i) 'n Basale eenheid wat hoofsaaklik bestaan 
uit min gedifferens ieerde alkali-metabasalte met binneplaat tektonomagmatiese 
eienskappe. ii ) 'n lntermediere eenheid wat bestaan uit min gedifferensieerde 
thole iitiese metabasalt en 'n jonger intrusiewe tholeiitiese metabasiet wat 'n lae 
graad van differensias ie ondergaan het. Beide intermediere eenhede het 
oseaanvloer-basalt (P-t ipe MORB) en eilandboog basaltiese eienskappe. iii) 'n 
Boonste eenheid wat bestaan uit min gedifferensieerde asook meer 
gedifferensieerde alkal i-metabasalte, tussengelaagd met metatuf met 'n alka li-
basalt iese samestelling; metasedimentere gesteentes met 'n mariene oorsprong, en 
grafitiese ski ste en kwarts-muskoviet skiste, beide met 'n kontinentale kors 
oorsprong . iv) 'n Oorliggende metasedimentere opeenvolg ing wat dolomiet, 
massiewe en oo li tiese chert , jaspis en jaspiliet insluit. 
Die Bridgetown Formasie slu it moontlik ook 'n onderliggende gemetamorfiseerde 
ultramafiese eenheid in; aangedui deur die assosiasie van Ni- en Cr-ryke 
ta lkl iggame, Ni- en Cr-ryke gebande chert , chlorietskis en klein dolomiet-talk-chloriet 
liggame by Spitskop, gelee direk noordwes van die hoof groensteenliggaam. 
Die opeenvolg ing van magmatisme en die geochemie van die metavulkan iese 
gesteentes stem ooreen met Hawaiiese vulkanisme, naaml ik 'n diepwater stad ium, 
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gekarakteriseer deur alkaliese magmatisme, gevolg deur 'n hoof tholeiitiese 
opbouing en post-kaldera alkaliese magmatisme. Die post-kaldera alkaliese 
magmatisme het gelyktydig plaasgevind met afsetting van sedimente en chemiese 
presipitate (karbonate en cherte ). 
Die Bridgetown metavulkaniese gesteentes het geen magmatiese assosiasie met 
6f die Bloubergstrand vulkaniese gesteentes 6f mafiese en intermediere plutoniese 
gesteentes in die Malmesbury Groep nie. Fisiese en geochemiese ooreenkomste 
bestaan egter tussen die Bridgetown Formasie en die Grootderm Formasie van die 
Marmora Terrein (Gariep Supergroep) wat beskou word as ofiolitiese materiaal. Die 
Bridgetown Formasie verteenwoordig moontlik segmente van oseaankors, 
insluitende oseaan-eilande, wat tektonies in 'n melange sone ingeplaas is tydens 
subduksie van oseaankors onder die Kalahari Kraton in (600 tot 700 Mj gelede). Dit 
verklaar die huidige ruimte like verspreiding van verske ie klein groensteenliggame in 
die Malmesbury Groep. 
Tot en met hede is geen ontginbare mineraalafsett ings in die Bridgetown Formasie 
ontdek nie. Au en As anomalie in stroomsediment- en grondmonsters, geneem in 
die Spitskop area, behoort egter verdere aandag te geniet. Daar is voorgestel dat 
die goud en arseen voorkom in brosvervormde helder tot melkerige kwartsare wat 
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1. INTRODUCTION 
A number of greenstone bodies are exposed as small elongated lenses and dykes 
within metasediments of the Malmesbury Group (Fig. 2.4) in the Western Cape 
Province (Fig. 2.1 ). 
This study is mainly concerned with the largest greenstone body outcropping along 
the Berg River, 20 kilometres east of the town Moorreesburg. The greenstones, 
accompanied by small mafic dykes, dolomite, chert and minor graphitic schists and 
muscovite-quartz schists constitute the Bridgetown Formation. 
To date the greenstones and associated rock types of the Bridgetown Formation 
have not been studied in any detail. The aim of this study is to: · 
i) determine the tectono-stratigraphic relationship between the Bridgetown Formation 
and other formations of the Malmesbury Group; 
ii) determine the tectono-stratigraphic and genetic relationships between the 
greenstones, mafic dykes, dolomite, chert, graphitic schists and muscovite-quartz 
schists of the Bridgetown Formation; 
iii) characterize physical , mineralogical and geochemical heterogeneities within the 
main greenstone body; 
iv) compare the Bridgetown Formation with other Pan-African metavolcano-
sedimentary sequences; and to 
v) evaluate the economic potential of the area between the farms Spitskop and 
Winkelhaaksvlei . 
Extensive mapping of the area was done on a scale of 
1:10 000, aiding the compilation of a 1:15 000 scale map presented as Sheet A. 
Each lithological component of the Bridgetown Formation was sampled for 
petrographical and geochemical studies, using outcrop samples as well 3S relatively 
fresh borehole core of twelve boreholes, drilled into the greenstones by the 




The area around Spitskop (Fig. 2.4), situated directly northwest of the main 
greenstone body, was also included in this study. Inclusion of the Spitskop area was 
motivated by the presence of a few small greenschist outcrops. Soil and stream 
sediment sampl ing in the Spitskop area revealed gold and arsenic anomalies which 
also warranted further investigation. 
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2. REGIONAL GEOLOGY 
2.1. MALMESBURY GROUP 
Polyphase deformed metasediments and metavolcanics of the Malmesbury Group 
are exposed in the Western Cape Province as inliers within the Palaeozoic Cape 
Supergroup. The Kango, Kaaimans and Gamtoos Groups in the Western Cape 
Province and Eastern Cape Province (Fig. 2.1) have been correlated with the 
Malmesbury Group. These Groups have structural and stratigraphic similarities, are 
of pre-Cape age and form part of the Saldania Subprovince (Hartnady, 1969) which 
is the southern continuation of a Pan-African mobile belt system. This belt system 
includes the Gariep Subprovince in the Northern Cape and the Damara Province in 
Namibia and is probably related to the Dom Feliciano Belt in Brazil (Fernandes et 
al., 1992; Fig. 2.2) . 
The Malmesbury Group constitutes a poorly understood sequence; the reason being 
poor exposure of the meta-volcano-sediments which are very susceptible to 
weathering and mechanical break-down. Although the Malmesbury Group has 
continuously been subjected to low intensity exploration , few prospects warranted 
follow-up drilling, thus contributing little to unravel the lithostratigraphy and structure. 
Hartnady et al. ( 197 4) divided the Malmesbury Group into three terranes separated 
by two large northwest-striking fault zones (Fig. 2.3) . These two zones of pre-Cape 
faulting and shearing are named the Saldanha-Franschhoek zone and the 
Piketberg-Wellington zone. The lithostratigraphy of the Malmesbury Group is 
summarized in Table 2.1 (Sheet 3318 Cape Town , 1990; Theron, 1990). lt is not 
always clear whether boundaries between strongly contrasting lithological 
success ions are stratigraphic or tectonic (Hartnad·; et al. , 197 4 ). Correlation across 
the two major fault zones has not been possible ; therefore the stratigraphic 
relationship between the Tygerberg , Boland and Swartland terranes is still unknown. 
The Klipheuwel Group overlies parts of the Tygerberg and Boland terranes 
unconformably, mainly along the Tygerberg-Swartland and Swartland-Boland 
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Figure 2.1. Geographic distribution of t he Malmesbury Group 
and related Groups in the Saldania Subprovince (Gresse and 
Scheepers, 1993). 
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Figure 2 . 3. Distribution of the fault-bounded tectono-
stratigraphic domains of the Malme sbury Group (Gresse and 
Scheepers, 1993; modified by Rozendaal and Scheepers, 1994). 
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Table 2.1 Lithostratigraphy ofthe Malmesbury Group (Sheet 3318 Cape Town, 1990). 
Group 
Terrane Tygerberg 
Formation Tyget·bet·g (Nt): 
Graywacke, phyllite and 
quartzitic sandstone; 





conglomerate, grit and 
sandstone with minor shale. 
Moorreesburg (Nm): 
Graywacke and phyllite \·Vith 
beds and lenses of quartz 
schist, limestone and grit: 
quartz-scricite schist with 
occational limestone lenses . 
Bridgetown (Nbr): 
Greenstone with dolomite 
and chert lenses . 
Klipplaat (Nk): 
Quartz schist with phyllite 
beds and minor limestone 
and chlorire-schist lenses . 
Berg River (Nb): 
Schist and fine-grained 
g raywacke with beds and 






Phyllite shale, schist and 
graywacke with dark-grey 
limestone, sporadic 
quartzitic sandstone beds 
and conglomerate beds . 
Piketbet·g (Np): 
Grit and graywacke. 
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late reactivation or normal faulting along these zones, before the deposition of the 
Ordovician Table Mountain Group (Gresse and Scheepers, 1993). 
The variety and distribution of lithological units in the Malmesbury Group indicate a 
complex depositional history. Hartnady et al. (1974) suggested that the 
metasediments are of marine origin and that both continental shelf and continental 
slope environments were involved. The Tygerberg and Moorreesburg Formations 
both include graywackes and phyllites which indicate a possible turbidite origin. 
These may form part of a geosynclinal succession at the margin of an oceanic trench 
or basin. With the exception of the Moorreesburg Formation which includes 
graywackes, the Swartland terrane shows an assemblage of quartz-mica schists , 
quartz and mica schists, carbonate lenses and fine-grained quartzites which may 
indicate a shelf-sea depositional environment. A near shore environment was 
suggested for the Boland terrane, based on the presence of coarse-grained 
quartzites, quartz sch ists and psammites with conglomerates and phyllite bands 
(Hartnady et al. , 197 4; V on V eh, 1983; Haughton, 1933; Visser et al., 1981 ; Dun levy, 
1992). The above interpretation of the depositional environments for the three 
terranes is complicated by the following: 1) The stratigraphic positions of the 
Franschhoek, Kaaimansgat and Bridgetown Formations are still unknown; 2) 
graywackes and phyllites which might suggest a turbidite sequence, are also present 
in the Boland terrane; and 3) the Boland terrane includes a volcanic unit which is not 
typical of a near shore environment. 
The Malmesbury Group was deformed and metamorphosed to low grades during the 
late Precambrian Sa ldanian orogenic episode (Hartnady, 1969). Major differences 
in style and history of deformation exist between the three tectono-stratigraphic 
terra:1es (Hartnady et al. , 1974). The Swartland terrane appears to be tectonically 
more complex than the two terranes which flank it, with at least two or three phases 
of deformation and cleavage formation (Hartnady, 197 4 ). The Boland terra ne was 
always regarded as structurally more simple with one phase of near-upright, near 
isoclinal folds and one prominent near-vertical cleavage which strikes NNW. The 
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Tygerberg terrane displays mainly one phase of tight, upright isoclinal folding with 
axial planes striking NW. 
The Malmesbury Group was intruded by approximately 25 high-level granitoid 
plutons during a late to post-orogenic stage (Gresse and Scheepers, 1993). The 
Cape Granite Suite appears to be composed of an older set of intrusions (600-580 
Ma) with some S-type characteristics. They are mainly found in the south-western 
Tygerberg terrane. A younger episode of granitoids followed (± 560-500 Ma) which 
can broadly be described as having 1- to A-type characteristics. A period of 
anorogenic A-type magmatism with a maximum age of 516 ± 15 Ma (Schoch et al., 
1975) ended the granitoid plutonism. This sequence of events may indicate a 
multiple collision history for the Saldania Belt consisting of early (± 600 Ma) collision 
magmatism followed by a younger event of arc magmatism from about 560 Ma and 
ending with anorogenic granite intrusions above a dormant subduction zone some 
time after 516 Ma (Gresse and Scheepers, 1993). During intrusion of the A-type 
granitoids extensional faulting, vertical and lateral displacement occurred, which 
resulted in the spatial configuration of the various terranes at the present erosional 
levels (Rozendaal and Scheepers, 1994 ). The oldest reliable age for the Cape 
Granite Suite (585 ± 20 Ma; recalculated after Schoch et al. , 1975) is regarded as 
the minimum age for the Malmesbury Group. The maximum age of the Malmesbury 
Group is represented by the supposed basement (Namaqua Province, ±950 Ma; 
Burger et al., 1973). 
2.2. GREENSTONES IN THE MALMESBURY GROUP 
Rabie (197 4a) was the first to ascribe the term 'green stones' to greenish, mafic rocks 
in the Malmesbury Group. Fig . 2.4. shows the localities of all the greenstone 
outcrops in the Malmesbury metasediments. 
In Rabie's geological map of the Moorreesburg-Wellington area (197 4a, mapped in 
1948), he listed the greenstones under 'intrusive rocks' in the legend and also 
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placed the Piketberg-Wellington fault zone, which serves as the Swartland-Boland 
terrane boundary, 5km west of Heuningberg subparallel to the course of the Berg 
River. Thus, according to Rabie , the greenstones which outcrop along the Berg 
River as well as greenstones near Voelvlei Dam, belong to the Boland terrane. 
Rabie depicted these greenstones as intrusive sheets and lavas with minor tuffs or 
volcanic ashes and small intrusive dykes. The greenstones along the Berg River 
(later referred to as the Bridgetown Formation by Hartnady et al., 197 4 ), are 
associated with chert and dolomite. According to Rabie a small dolomite outcrop is 
also in contact with the greenstones near Voelvlei Dam. Detailed diamond drilling 
aimed at outlining the perimeters of the Riv iera W-Mo deposit north of Piketberg 
(Fig. 2.4), intersected a metamorphosed volcano-sedimentary sequence similar to 
the Bridgetown Formation and the Voelv lei metavolcanics ( Rozendaal et al. , 1994 ). 
They support Rabie's ( 197 4b) original subdivision of the terranes , because it 
accommodates the above corre lation by including the Bridgetown, Voelvlei and 
Riviera green stones in the Boland terra ne. Rozendaal et al. ( 1994) depicted these 
greenstones as probably upthrusted and infolded tectonic fragments of a larger 
metavolcanic unit lower down in the succession . 
Rabie (197 4a) mapped a few smal l green stone outcrops in the Swartland terrane, 
8km east of the town Moorreesburg (Fig . 2.4), which he described as 
intraformational greenstone sills . They are concentrated along the crest of a broad 
antiform trending in a north-north-westerly direct ion. These bod ies have been 
sheared and deformed, but have not been converted into schists and are therefore 
probably younger than the Berg River greenstones (De Villiers, 1969). Thin layers 
of calcareous quartzite with limestone pockets also occur along the crest of the 
antiform and it is be lieved that this ca lcareous zone is·the lowest in the succession 
(De Villiers, 1969). 
Various greenstone dykes are present in the Tulbagh area (Fig. 2.4). They occur as 
swarms in the Malmesbury metased iments and are cross-cut by younger dolerite 
dykes. The greenstone dykes are subpara llel , cutt ing discordantly across the NW-
SE trending fold and cleavage fabric of th is area; thus appearing to be post- or late 
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tectonic (Hartnady and Halbich, 1985). They are also of pre-Cape age as they are 
truncated by the basal Table Mountain Group unconformity on the slopes of the 
Winterhoek mountains. To date very little work has been done on the dykes. 
Jacobs ( 197 4) did major and trace element analyses as well as microscopic work on 
eight highly altered samples from various dykes. From his work it is clear that major 
chemical and mineralogical differences exist between the greenstone dykes. 
An attempt was made to distinguish between the different types of greenstones in 
the Malmesbury Group, by designating the term Bridgetown type greenstones to the 
fine-grained variety and Kleinvlei type to the coarse-grained variety (Sheets 33188 
Malmesbury and 3319A Ceres, 1975; Visser et al., 1981 ). lt is suggested that these 
authors made an over simplified classification of the greenstones without taking 
mineralogical and geochemical differences into account. Most of the greenstone 
outcrops have never been studied in detail. Little is known about their tectono-
stratigraphic setting, mineralogy, geochemistry and age. 
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3. GEOLOGY OF THE AREA BETWEEN SPITSKOP AND WINKELHAAKSVLEI 
The study area includes the Bridgetown Formation which outcrops along the Berg 
River as well as the area around Spitskop, situated directly northwest of the main 
greenstone body. Inclusion of the Spitskop area in the study area was motivated by 
the following : a) a few greenschist outcrops are present in this area and b) stream 
sediment and soil sampling in the Spitskop area revealed gold anomalies which 
warranted fu rther investigation. Detailed mapping was done between the farms 
Spitskop and Winkelhaaksvlei (Sheet A, in pocket) . 
3.1. TECTONO-STRATIGRAPHY 
A lithostratigraphic subdivis ion of the Malmesbury Group between the farms 
Spitskop and Winkelhaaksvlei is given in Table 3.1 . lt was compiled by combining 
structural data of the area wi th a few contact relationships in outcrops and borehole 
sections. Relationships between lithologies are further illustrated in cross-sections 
A-A' and B-B' (Figs. 3.1 and 3.2) through the Bridgetown Formation and the Spitskop 
area alternat ively. 
As a result of generally poor exposure, intense deformation and metamorphism, it is 
not always clear whether boundaries between strongly contrasting lithologies are 
stratigraphic or tecton ic. For these reasons the lithostratigraphy in Table 3.1 is 
represented as non-facing. 
The geology of the area will be discussed under three headings: a) Bridgetown 
Formation, b) phyl lites in contact with the Bridgetown Formation and c) Spitskop 
area. This is done because the tectono-stratigraphic relationship between the 
Bridgetown Formation and surround ing formations (Moorreesburg and Porterville 
Formations) is not yet known. The geology of the Spitskop area is discussed 
separately, because continuity in the lithostrat igraphy is disrupted by numerous 
faults . 
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Table 3.1 Lithostratigraphy of the Malmesbury Group between the farms Spitskop and 
Winkelhaaksvlei. 
A. Area along the main greenstone body. 
~------.--------r---------.------------------------------------------------------------------------------------, 
Terrane . Formation 
ph 
Lithology (non-facing) 
Graywacke with feldspathic grit and conglomerate 
Quartz schist (quartzite) 
Phyllite 
ii:\\:.(HP./if!i\\) Chert (oolitic, massive and jasper-rich) 
~;;~~~~ 
>>>>65-~ >>>>'\r 
Dolomite with small greenstone bodies (> >) 
Muscovite-quartz schist 
Light grey green quartz-orthoclase-biotite-muscovite fels (unit 5) with graphitic schist lenses (•.) 
Olive green epidote-actinolite-titanite-chlorite schist (unit 11) 
Dark olive green augen chlorite-actinolite-magnetite-calcite schist (unit 3) 
>>>>>;:-.,. 
> > > >) t't'). 
> > > >~ ~ 
> > > > >'~~. 
;4 !>>~ ..... 
:... r > >{> 3 ~ ~ 
>>>>~c> 
>>>>>)??"' 
> > > >~1 Laminated light khaki chlorite-calcite-quartz-actinolite schist (unit 1) with graphitic schist lenses ( •• ) * 
> >> >' . 
> > > > > 2: Laminated dark grey chlorite-albite-magnetitc-calcite schist (unit 2) 
>>>>>>~ ~-; ~-; ~~~ Highly sheared, finely laminated olive green chlorite-magnetite-actinolite schist (unit 4) with dolomite 
>>>>>>>-' tenses@ 
>>> >>>":: 
>> 1 >> 
>>> : > 
> > > >. :/)? -' 
> .9 "i> > >'\ii!lh. / 
> "->>;ljlO 
























Laminated olive green epidote-actinolite-chlorite schist (unit 9) . 
Intrusive olive green augite-actinolite metabasite (unit 10) 
Porphyroblastic albite-epidote-magnetite-chlorite-actinolite fels (unit 7) 
Light olive green chlorite-albite-titanite schi st bands (unit 8) 
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Figure 3.1. Section A-A' (Sheet A) through the Bridgetown Formation. 
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3.2. BRIDGETOWN FORMATION 
The Bridgetown Formation is a NNW trending lensoid outcrop , about 15km long and 
three kilometres wide at the most. lt consists of a sequence of greenstones, intruded 
by a mafic dyke; chert and dolomite with minor graphitic schist and shale. The 
transition between the Bridgetown Formation and adjoining formations 
(Moorreesburg and Porterville Formations), which consists mainly of phyllites, is 
gradationa l. 
The Bridgetown Formation was first mapped in 1948 by Rabie ; unfortunately the 
D.Sc. thesis which should have accompanied the map was never completed. De 
Villiers (1969) wrote a short descriptive paragraph on the Bridgetown Formation in 
an abstract of "The Geology of the Country between Riebeek-Kastee l and 
Moorreesburg". An honours project by Jacobs ( 197 4) was called "Orientation survey 
of the lavas at Bloubergstrand , the greenstones of the Bridgetown Complex and 
some dyke rocks". The project included a petrographical and geochemical study on 
ten greenstone samples of the Bridgetown Formation. The project did not include 
any field work and sample positions are poorly indicated, therefore the geochemical 
results are of limited value . The South African Geological Survey published a 
geological map of the Koringberg-Hermon area (1975) which included the simplified 
geology of the Bridgetown Formation. The map was accompanied by a short 
description of the Bridgetown Formation by Visser et al . (1981) and De Villiers 
(1979) . Recent mapping of the Bridgetown Formation (Sheet A) agrees with the 
"Geological Map of the Moorreesburg-Wellington Area" by Rabie (1974a, mapped in 
1948) in many aspects . 
The core of twelve boreholes, drilled into the Bridgetown Formation by the 
Department of Environmental Affairs (1983) , were made available by the Geological 
Survey in 1993. The drilling project was part of an engineering-geology feasibility 
investigation of three alternative sites for the proposed Vogelstruisdrift dam (Van der 
Merwe, 1983). The boreholes were drilled along three sections. For convenience, 
they will be referred to as Sites A, B and C. The location of the three sections and 
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the geology of the area are indicated in Fig . 3.3. Site topography and geology along 
each section are illustrated in Figs. 3.4 , 3.5 and 3.6. The relative ly fresh borehole 
core revealed different greenstone units within the main greenstone body, 
interlayered with lenses of graphitic schist and dolomite (the different greenstone 
units are discussed under sect ion 3.2.1 .). This contributed sign ifi cant ly towards 
unravelling the stratigraphy of the Bridgetown Formation . 
3.2 .1. GREENSTONES 
The body of greenstone which outcrops along the Berg River is the main const ituent 
of the Bridgetown Formation. lt weathers relatively easi ly , its position thus probably 
determined the course of the Berg River in th is area (De Vil li ers , 1969). Outcrops 
are restricted to the banks of the Berg River and are sometimes exposed in sma ll 
streams. The main greenstone body is fa irly continuous between the farms Vryheid 
and Winke lhaaksvlei and covers an area of approximately 20km by 1.8km. A few 
smaller outcrops occur directly northwest of the main greenstone body and will be 
discussed under the "Spitskop area" (section 3.4.4) . 
The main greenstone body is litholog ica lly complex, cons isting of different 
greenstone units interlayered wi th metased imentary units, and cross-cut by a 
younger intrusive dyke. 
The greenstones have been subjected to low-grade regional metamorphism, 
namely the lower greenschist facies Most of the orig inal minera ls have been altered 
to secondary minerals such as chlorite , quartz, albite, calcite , act inol ite , epidote, 
titanite, muscovite, magnetite and _il menite. The greenstones have experienced 
more than one deformation event. A dominant penetrative foliation with a general 
NNW-SSE strike and near-vertical dip is probably coeval with peak regional 
metamorphism. The greenstone-metasediment contacts are intensely deformed; 
layers of greenstone alternating with layers of phyllite and graphitic schist . 
Ten different greenstone units and a younger intrusive dyke were identified in 
borehole core and in outcrops. These units will be discussed in vertical order of 
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occurrence. A descriptive summary of the different greenstone units and the 
younger intrusive dyke is also given in Table 3.2. 
i) Laminated olive green chlorite-actinolite-magnetite schist (unit 6) : 
Unit 6 was intersected to a depth of 30m in borehole BW2 which was drilled into the 
crest ·Jf a broad antiform (Figs. 3.3 and 3.5) . In borehole BW2 unit 6 is interlayered 
with units 7 and 8. 
Unit 6 is a fine- to medium-gra ined , dark grey green sch ist, laminated parallel to 
the foliation (Plate 3.1 ). 
The unit consists mainly of the followi ng minerals (in decreasing abundance) : 
chlorite , rodded and needle-like act inolite, stringers of magnetite and hematite, 
calcite , albite (Ab94-98) . granular titanite, quartz, epidote and accessory muscovite. 
These minerals have been segregated into alternating dark green, black, light green 
and white lamellae as well as white and pink speckles and lenses. The black 
lamellae have a very high opaque mineral content and the green lamellae consist 
mainly of chlorite, actinolite and titanite in varying proportions. The light lamellae, 
speckles and lenses are made up mainly of calcite with minor quartz. Some calcite-
rich lamellae and lenses often contain porphyroblasts of anhedral to euhedral 
epidote (Plate 3.2) . 
The lamellae are slightl y contorted and their distribution and width vary 
considerably. The opaque-rich lamellae are usually intensely deformed and contain 
plenty irregular fine- to coarse grained calcite and quartz inclusions . The following 
microstructures indicate a history of deformation : a) undulose extinction in quartz, b) 
deformation twins in calcite , c) fragmented crystals , d) subgrain development in 
quartz-rich lenses and e) ribbon quartz. 
A 5m wide zone in unit 6 contains dark grey to purple lenses that are less than 
1.5cm wide , contain black magnetite and white calcite-quartz speckles , and are 
elongated parallel to the foliation . 
Stellenbosch University http://scholar.sun.ac.za
Table 3.2. A descriptive summary of the different greenstone units and the younger intrusive dyke. 
Name cl-ac-mn schist cl-ab-ti schist ab-ep-mn-cl-ac fels ep-ac-cl schist cl-mn-ac schist cl-ab-mn-cc schist cl-cc-q-ac schist cl-ac-mn-cc ep-ac-ti-cl sch1st q-or-bt-:nus iels intrusive 
schist au-ac metabasite 
Unit 6 8 7 9 4 2 1 3 11 5 10 
Location Bh BW2 Bh BW2 Bh BW2 Bh BW1 . BC1. BE1 & CW1 Bh CE1 BhAW1 BhAW1 & AW2 Bh AE1 Drie Heuwels Bh AE2 Bh BE2 
Colour dark grey green light olive green dark green (maroon tint) olive green olive to grey green dark grey light khaki dark grey green olive green I light grr:y green to light I olive green 
brown 
Texture -fine to medium -fine grained -medium grained -fine grained -fine gra1ned -fine grained -fine grained -fine grained -medium grained -coarse grained -medium to coarse 
grained -homogeneous -homogeneous -alternating highly and -laminated parallel to -laminated parallel -alternating highly -laminated parallel -homogeneous -homogeneous grained 
-laminated parallel poorly laminated zones the foliation to the foliation and poorly to the foliation -homogeneous 
to the foliation laminated zones 
Structure foliated foliated -relatively massive -foliated 
-fol iated I foliated highly schistose foliated relatively massive. massive relatively massive. 
-have experienced brittle -foliation is highly contorted -foliation is intensely poorly foliated poorly foliated 
deformation in places deformed and sheared 
Mineralogy ab' ab" ab .. ab' ab' lab .. ab· ab' ab' 
'la -ac .. a c .. ac .. a c .. ac· ac· a c .. a c .. ac- a c ... 
··major, ep' ep•• ep'' ep• ep- ep- ep· ep" lep -
. minor and cc· cc- cc· cc· cc .. cc" cc" cc- cc- cc-
- accessory cl .. cl .. cl" cl" cl" cl" cl" ci·· cl' cl' cl' 
minerals ti' ti• ti' ti' ti• ti' ti - ti' ti' ti-
q• q• q• q• q· q· q· q• q• q .. q-
mn" mn· mn" mn· mn" mn" mn· mn .. mn· mn· mn· 
he• he' 
il' il - il - il• il -




Micro textures -alternating black. crypto-crystalline ab. randomly oriented -alternating dark and light -alternating dark and -alternating dark -a lternating dark -alternating dark -light lenses -minerals are randomly -phenocrysis of 
green and white q, af and slightly pcrphyroblasts of ab and lamellae and lenses light lamellae and and light lamellae green, light grey, and light lamellae occur in an olive oriented augite are enveloped 
(minerals in lamellae and lenses larger ti and mn are ep in a groundmass of lenses and lenses and cream to and lenses green foliated by a foliated 
decreasing surrounded by cl mn, cl, ac, ti and q -dark lamellae: white lamellae ground mass -bt occurs as laths groundmass or ac, 
abundance) -black lamellae: ep, ac, cl , mn and ti -dark lamellae: -dark lamellae: (graded -dark lamellae: -q occurs as polygonal cl , mn and 
mainly mn cl , ac. mn, ti cl, ac. mn and il bedding?) cl , ac . mn. ab, cc, -groundmass: aggregates accessory ep, il , ti . 
-fight lamellae and lenses: which envelope q, ti and il which ep, ac , mn, ti , cl , -or is anhedral with cc and q 
-green lamellae: cc and minor q -light lameliae and porphyroblasts of -dark green envelope ep il, q , ab numerous inclusions of 
cl, ac, ti. mus lenses: ab. cc. ep and ti zones: augen cl, ac. cc and mn -augite contains big 
cc, ab and minor q and cl , ac, mn, ti , q, -light lenses: labradorite crysta ls 
-light lamellae and ep -light lamellae and cc. ab . mus. ep -light lamellae and ep, q, ac, cl, ab (ophitic texture) 
lenses: lenses: lenses: 
cc and minor q -shear zones: -mainly cc and q -light grey mainly cc with -ac fibres and cl 
porphyroclasts or cc. q -a few large ti lamellae: minor q and ep occur at the augite 
and ab in an ultra-fine granules with q grain boundaries 
cc matrix ilmenite rims occur 
in some lenses -•uhite to cream 
lamellae: 
cc 
Superimposed plenty irregular q-cc a few small q-cc -plenty irregular q-cc -plenty q-cc veins in highly -plenty -plenty -plenty -few a few q-cc veins a iew small q-cc veins a few q-cc and 
veins stringers and veins inclusions laminated zones -irregular white and pink -three ages of q-cc -three ages of q- -1\vo ages or q-cc plagioclase veins 
speckles -contain pink cc veins -some veins contain pink cc cc stringers occur along veins cc veins veins 
(up to 20cm wide) and shear faces - cc is white and 
green epidote bands (up pink 
to 30cm wide) 
Mineralization no visible no visible no visible mineralization no visible mineralization pyrite mineralization is well-mineralized well-mineralized euhedral a few pyrite mineralization is a few disseminated 
mineralization mineralization restricted to the with pyrite with pyrite disseminated disseminated restrict~d to the pyrite grains 
green stone-dolomite pyrite occurs in a pyrrhotite grains greenstone-graphitic 
contacts 1 m wide altered schist contact 
zone 
~--- ---- ~ 
Stellenbosch University http://scholar.sun.ac.za
Plate 3 . 1 Lami nated o l i ve green chlorite - acti nol ite-
magnet ite schist (unit 6) 
~ 
0 . 13 mm 
Plate 3.2 Unit 6 . A calcite-rich lens conta i n i ng anhedral 
to euhedral porphyrob lasts of epidote. Plane lig ht. 
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ii) Light olive green ch lorite-a lbite-titanite sch ist bands (un it 8): 
Unit 8 occurs as two small zones, less than 20cm wide , within unit 6 (borehole BW2, 
Fig. 3.5). These two zones are light olive green, fine grained , foliated and relatively 
homogeneous except for a few small (less than 3mm wide) quartz-calcite lamellae 
and lenses parallel to the foliation (Plate 3.3) . 
Unit 8 consists of titanite , magnetite, chlorite and cryptocrystalline a I bite , minor 
quartz and accessory alkali feldspar (Plate 3.4 ). The titanite granules are anhedral 
and have a foggy appearance. The light lamellae and lenses consist of fine- to 
coarse-grained calcite and accessory quartz. These lenses have suffered some 
degree of deformation as ind icated by deformat ion twins in the calcite and undulose 
extinct ion in the quartz. 
A 5cm dark grey green (magnetite-rich ) zone occurs at the contact between unit 8 
and 6 (Plate 3.3). 
iii) Porphyroblast ic albite-ep idote-magneti te-chlorite-actinolite fels (un it 7): 
Unit 7 occurs as a highly altered 14 metre wide zone with in unit 6 (borehole BW2, 
Fig . 3.5) . lt is medium gra ined , poorly foliated and dark green with a maroon tint. 
Irregular secondary light green epidote bands, quartz-calcite stringers and speckles, 
and pink calcite veins (up to 20 cm wide) occur along joints and shear faces (Plate 
3.5) . Large pink calcite veins and lenses are not restricted to unit 7 and have been 
found in a highly foliated greenstone outcrop on the farm Vogelstruisdrift. 
The epidote bands are up to 30cm wide and are associated with zones of brittle 
deformation where brecciated hostrock is enclosed in a light green mass of epidote. 
The more homogeneous zones consist of porphyroblasts of albite (Abgg) and 
epidote in a groundmass of chlorite , actinolite, magnetite, hematite, and minor 
titanite and quartz (Plate 3.6) . The albite occurs as randomly orientated subhedral 
laths, usually enveloped by magnetite. The epidote grains vary from fine to coarse 
grained and anhedral to euhedral. They are often surrounded by a reaction rim of 
chlorite and magnetite. Actinolite occurs as very small randomly orientated rodded 
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Plate 3 . 3 Light olive green c hl or ite - a l bi t e - ti t ani t e sch i st 
bands (un it 8) . 
....____. 
o. os mm 




8 . A fine-graine d foliated rock 
titanite, magnetite, chlorite 






Plate 3.5 Porphyroblastic 
chlorite -actinolite fels (unit 7) 
,____, 
0 . 1 U'Jn 
albite-epidote-magnetite-
Plate 3.6 Unit 7. Porphyroblasts of albite and epidote in 
a groundmass of chlorite, titanite, actinolite, magnetite, 
hematite and quartz. Plane light. 
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and needle-like crystals . The maroon tint in unit 7 is due to the presence of finely 
dispersed hematite gra ins. The quartz is anhedral and displays undulose extinction . 
Unit 7 was probably subjected to metasomatism, after regional metamorphism, as 
indicated by its coarse-gra ined nature, randomly orientated minerals , and secondary 
epidote and calcite bands along joints and shear zones. 
iv) Laminated ol ive green epidote-act inol ite-chloritE: schist (un it 9): 
Unit 9 was intersected in boreholes BW1 , BC I, BE1 and CW1 (Figs. 3.3, 3.5 and 
3.6) . From these boreholes it is concluded that unit 9 has a minimum stratigraphic 
thickness of 30 metres. 
Unit 9 is a fine-gra ined olive green rock which consists of alternating high ly and 
poorly laminated zones (Plate 3. 7). The poorly laminated zones are olive green, 
poorly foliated and relative ly homogeneous. The highly laminated zones are 
laminated with light green, black, dark green and wh ite lamellae and lenses parallel 
to the foliation The lamellae are highly contorted in places and the width and 
distribution of ind ividua l lamellae vary considerably in this zone. 
The poorly laminated zones consist mainly of the following minerals in decreasing 
abundance: granular epidote, rodded and needle-like act inolite, chlorite , stringers of 
anhedral magnetite; minor titanite , quartz, calcite , muscovite and albite (Plate 3.8) . 
In the highly laminated zones these minerals have been segregated into alternating 
dark and light lamellae . The darker the lamellae, the higher the opaque mineral 
content. White lamellae and lenses consist mainly of fine-grained anhedral calcite 
and minor quartz. Unit 9 has a very high epidote content which occurs as fine- to 
coarse-grained anhedral granules and euhedral crystals . The anhedral epidote 
granules sometimes contain inclusions of titanite and ilmenite. The epidote has a 
foggy appearance due to the presence of leucoxene which is an alteration product of 
ilmenite. 
A few highly altered zones in unit 9 are mineralogically similar to unit 7, consisting 
of randomly orientated porphyroblasts of albite and epidote, enveloped by magnetite 
and actinolite with minor hematite, titanite, chlorite and quartz. 
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Plate 3.7 Laminated olive green epidote-actinolite-chlorite 
schist (unit 9). 
,_______. 
0.1 mm 




Unit 9. A fine-grained laminated rock which 
of granular epidote, actinolite, chlorite, 
and minor titanite, quartz, calcite, muscovite and 
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Jaspil tte lenses, less than 20cm wide , are present in outcrops of unit 9 in the 
vicinity of borehole collar BW1 . 
v) Highly sheared, finel y laminated oli ve green chlorite-magnetite-actinolite schist 
(unit 4) : 
Unit 4 was intersected in borehole CE1 up to a depth of 45 metres (Fios. 3.3 and 
3.6). In borehole CE1 the greenstone is in contact with a few dolomite lenses, of 
which one is 13m wide and the others less than 1 m wide . 
Unit 4 is ol ive to grey green , fine grained , highly foliated and finely laminated with 
dark olive green and light lamellae and lenses. The dark lamellae are made up 
mainly of chlorite , sma ll rodded and needle-like actinolite , fine-grained cubic 
magnetite and minor titan ite . The light lamellae and lenses consist of anhedral 
calcite , alb ite, minor quartz and accessory epidote. 
The lamellae have been subjected to more than one episode of folding and 
shearing (Plate 3.9). Overal l the greenstone has suffered intense deformation which 
is probably related to local fa ulting . Irregular white and pink calcite stringers occur 
along shear faces . These inclus ions have also been subjected to later shearing 
events. The shear zones are irregular and mylonitic, consisting of porphyroclasts of 
calcite , quartz and a I bite in an ultra fine-grained matrix of calcite (Plate 3.1 0) . Other 
indicators of shearing in unit 4 is the presence of S-C fabr ics and mica-fish 
structures on microscopic scale . The S-C fabric involves the intersection of two 
cleavages S and C. The C surfaces are para ll el to the shear zone margin whilst the 
S-surface are oblique to th is (Barker, 1989). This give rise to a texture which is 
commonly described as fish-scale . Mica-fish are lozenge-shaped structures which 
involves the deformation of pre-existing porphyroblasts which are deformed by a 
combination of brittle and crystal-plastic processes (Barker, 1989). 
The greenstone-dolomite contacts are irregular but sharp and the greenstone is 
laminated parallel to the contacts . Greenstone adjacent to the contacts is highly 
altered . lt is light olive green with numerous yellow-brown lamellae which include 
fine-grained pyrite. The contacts are probably tectonic and the small dolomite 
lenses appear to have been injected into the greenstone during plastic deformation. 
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Plate 3.9 Highly sheared, finely laminated olive green 
chlorite-magnetite-actinolite schist (unit 4). 
~ 
0 .13 ~m 
Plate 3.10 Unit 4. A well - developed continuous cleavage is 
intensely deformed by shearing. Plane light. 
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vi) Laminated dark grey chlorite-albite-magnetite-calcite schist (unit 2) 
Unit 2 is in contact with unit 1 in borehole AW1 (Figs. 3.3 and 3.4) at a depth of 21 
metres. lt is fine gra ined and dark grey with light grey to white lamellae and lenses 
(width <1 cm) parallel to the foliation (Plate 3.11 ). The distribution and concentration 
of the light lamellae and lenses vary throughout unit 2. 
The dark grey zones consist of stringers of chlorite , sma ll rodded and needle-l ike 
actinolite , anhedral magnetite and accessory ilmenite. These stringers envelope 
aligned porphyroblasts of anhedra l albite (AbgG_gg), calcite and accessory epidote 
and titani te . The light lamellae and lenses consist mainly of calcite and quartz with 
accessory alb ite, titan ite , ore minerals, chlorite and act inolite. The ca lcite and quartz 
are anhedra l, f ine to coarse grained and show signs of deformation such as 
deformation twins in calcite and undulose exti nction in quartz. A few relatively large 
subhedral titanite granules with ilmenite rims occur in the light areas (Plate 3.12). 
Unit 2 is mineralized with pyrite which occurs as disseminated anhedral grains 
(maximum diameter of 5mm) and stringers parallel to the foliation . The pyrite 
mineralization is not associated with superimposed calcite veins . 
A few shear zones, 10 to 30cm wide, are present in unit 2. These zones have a 
light khaki colour due to alteration , and lamel lae are highly contorted and brecciated. 
One of these shear zones occurs on the contact between units 1 and 2. 
vii) Laminated light khaki chlorite-calcite-quartz-actinolite schist (unit 1 ): 
Greenstone unit 1 was intersected in boreholes AW1 and AW2 (Figs. 3.3 and 3.4) . 
lt has been subjected to severe weathering to depths of up to 15 metres. Relatively 
fresh greenstone is fine grained , light khaki, stained brown and laminated parallel to 
the foliation with dark green, light grey, cream and white lamellae. Some zones are 
highly laminated (Plate 3.13) and others are only slightly laminated (Plate 3.14). 
The dark green zones are mainly composed of chlorite , small rodded and needle-
like actinolite, anhedral magnetite; minor titanite, quartz, calcite and albite; and 
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Plate 3 .1 1 Lami nated dark grey c h lorite - albite - magneti t e -
calci t e s chist (u n it 2 ). 
________. 
0.13 mm 
Plate 3.12 Unit 2. The lower half of the photomicrograph 
represents dark lamellae consisting of chlorite, actinolite, 
titanite and magnetite which envelope porphy rob1asts of 
albite and calcite. The upper half of the pho tomicrograph 
represents light lamellae which are made up of calcite and 
quartz. A fe w large brown titanite granules with ilmenite 
rims occur in the light areas. Plane light. 
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Plate 3.1 3 High l y laminated light khaki chlorite-calcite-
quartz - actinolite schist (unit 1 ). 
Plate 3 .1 4 Poorly laminated light khaki chlorite-calcite-
quartz-actinolite schist (unit 1). 
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accessory muscovite and epidote (Plate 3.15). The light grey lamellae consist 
mainly of quartz and the wh ite to cream lamellae of calcite . 
The highly laminated zones contain more quartz- and calcite-rich lamellae than the 
poorly laminated zones. In the highly laminated regions the lamellae appear to 
grade from dark green chlorite-rich lamellae into cream coloured calcite-rich 
lamellae, to grey quartz-rich lamellae. These laminated textures (graded bedding?) 
are often associated with waterlain tufts (Heiken and Wohletz, 1985) as well as 
downwind air-fall deposits of surtseyan volcanic activity where water floods into the 
top of an open vent (Cas and Wright, 1987). 
Some highly laminated zones have been subjected to shearing causing brecciation 
and severe contort ion of the lamellae . 
Pyrite mineral ization occurs through the whole of unit 1, but is especially 
concentrated in ca lcite-r ich lame ll ae, on joint faces , in shear zones and along vein 
margins 
A graphitic schist lens occurs wi th in unit 1. The contacts are sharp and the 
greenstone on the contacts are highly to moderately weathered , containing abundant 
pyrite. 
Unit 1 shows some correlat ion with a few outcrops on the farms Gousblomkraal , 
Vogelstruisdrift , Rooihoogte and Vrugbaar (Sheet A) wh ich consist of alternating 
layers of banded phyllite with chert and graphitic schist lenses. Rabie ( 197 4a) 
mapped some of these outcrops as tuffs or volcanic ashes. 
viii) Dark olive green augen chlor ite-actinolite-magnetite-calcite schist (unit 3) : 
Unit 3 was intersected in borehole AE1 (Figs. 3.3 and 3.4). A great part of the 
borehole was drilled subparallel to the fol iation and lamination, thus revealing little 
variation in the greenstone. 
The greenstone is dark grey green , fine grained and laminated parallel to the 
foliation with white lamellae, lenses and speckles (Plate 3.16). The density of the 
lamellae vary throughout the unit . 
The dark grey green zones consist of the following minerals in decreasing 
abundance: chlorite , rodded and needle-like actinolite , anhedral stringers of 
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....____. 
0 . 05 mm 
Plate 3. 15 Unit 1. Poorly laminated dark green zone, 
consisting of chlorite, actinolite, magnetite; mlnor 
ti tani te, quartz, calcite and albi te; and accessory 
muscovite and epidote. Plane light. 
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Plate 3.16 Dark olive green augen chlorite-actinolite-
magnetite-calcite schist (unit 3) 
.....___..... 
0.13 mm 
Plate 3 . 17 Unit 3. An anhedral porphyroblast of epidote 
enveloped by the schistose chlorite-actinolite-magnetite 
mineral fabric to give an 'augen' texture. Plane light. 
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magnetite, a I bite (Abg7 _gg }, calcite , quartz, small granules of titanite and accessory 
ilmenite . A few relatively large anhedral porphyroblasts of epidote are enveloped by 
the schistose chlorite-actinolite-magnetite mineral fabric to give a "augen" texture 
(Plate 3. '17). In some samples these "augen" also include calcite , a I bite , quartz and 
accessory actinolite and magnetite. The light lamellae and lenses consist mainly of 
calcite with minor quartz and epidote. 
A few highly altered zones also include light green epidote bands. Some of the 
altered zones have been subjected to intense deformation as can be deduced from 
isoclinal folded lamellae and the development of crenulation cleavage with 
gradational boundaries. 
Pyrite mineralization is restricted to a 1 m wide altered zone with thin khaki 
lamellae. Euhedra l pyrite is disseminated throughout the zone and appears to be 
younger than the foliat ion. 
ix) Olive green epidote-actinolite -titan ite-chlorite schist (unit 11 ): 
Unit 11 outcrops at the farm Drie Heuwels where it is overlain by dolomite (Sheet A, 
samples NSF/2.5-2.8). In hand specimen it is olive-green , medium grained and 
massive with only a poor foliation and no visible lamellae (Plate 3. 18). 
Although poorly foliated in hand specimen , a well-developed continuous cleavage 
is recognizable in thin section . Light lenses occur in an olive green foliated 
groundmass. The lenses contain anhedra l granular epidote, quartz, small rodded 
and needle-like actinolite , chlorite and a I bite (in decreasing abundance, Plate 3. 19). 
Some epidote grains contain small titanite inclusions. The darker foliated 
groundmass contain additional granular titanite and opaque stringers which consist 
of ilmeni te and magnetite. 
Unit 11 contains a few disseminated euhedral pyrrhotite grains. 
Unit 11 might be correlated with a poorly foliated greenstone outcrop on the other 
side of the Berg River on the farm Heuningberg. 
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Plate 3.18 Olive green epidote-actinolite-titanite-chlo~ite 
schist (unit 11). 
Plate 3.19 Unit 11. The light zone in the middle of the 
photomicrograph consists of granular epidote, actinolite, 
quartz, chlorite and . albite. The darker zones contain 
additional titanite, magnetite and ilmenite. Plane light. 
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x) Light grey green quartz-orthoclase-biotite-muscovite fels (unit 5) : 
Unit 5 was intersected in borehole AE2 (Figs. 3_.3 and 3.4 ). The greenstone is highly 
to moderately weathered , coarse grained, relatively massive with little evidence of 
foliation and lamination . lt is light grey-green to light brown with a porphyroblastic 
texture (Plate 3.20) . White micas are abundant in the highly weathered zones. 
lt consists mainly of quartz, orthoclase (Or93-97) , biotite, muscovite and minor 
chlorite , calcite , actinolite and magnetite (Plate 3.21 ). Biotite occurs as randomly 
orientated tabular laths with inclusions of magnetite . Although the biotite laths show 
no alignment , they were subjected to some degree of strain which led to kinking of 
some biotite crystals . The quartz occurs as polygonal aggregates and stabby laths 
which is probably the product of metamorphic recrystall ization . The orthoclase is 
anhedral and appears turb id due to numerous inclusions of chlorite , small rodded 
and needle-like actinolite , calcite and magnetite 
Unit 5 is in contact with graphitic schist in borehole AE2 (Fig. 3.4 ). The contact is 
gradational consisting of alternating light grey poorly foliated greenstone bands and 
dark grey graphitic schist bands. Stringers of fine-grained pyrite occur in the 
greenstone at the contact. 
xi) Intrus ive olive green augite-actinolite metabasite (unit 1 0) : 
On the farms Toorkrans and Vogelstruisdrift (Sheet A) an intrusive metabasite, unit 
10, is exposed as a dyke within the greenschists. Borehole BE2 was drilled into the 
metabasite up to a depth of 30 metres (Figs. 3.3 and 3.5) . The medium- to coarse-
grained metabasite is probably intrusive into unit 9 which was intersected in adjacent 
boreholes BE1, BC1 and BW1 (Figs. 3.3 and 3.5). 
The metabasite is olive green , poorly foliated but well-jointed (Plate 3.22). From a 
depth of 23 metres it is moderately foliated , medium to fine grained with a few grey 
to olive green bands (width <1 cm) parallel to the foliation . The metabasite has a 
rounded weathering surface and weathers positively relative to the highly foliated 
greenstones. The body's intrusive nature is indicated by its cross-cutting 
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Plate 3 .2 0 Light grey green quartz-orthoclase-biotite-
muscovite fels (unit 5) . 
Plate 3.21 Unit 5. A coarse-grained fels which is made up 
of randomly orientated biotite, quartz, muscovite and 
orthoclase with minor chlorite, calcite, actinolite and 
magnetite. Plane light. 
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Plate 3. 22 Intrusive 
metabasite (unit 1 0). 
~ 
0.1 mm 
olive green augite-actinolite 
Plate 3.23 Unit 10. Actinolite fibres, an alteration 
product of augite, occur at the interface between the augite 
and its pressure shadow. Deformed actinolite fibres are 
indicators of shearing. Crossed polars. 
Stellenbosch University http://scholar.sun.ac.za
19 
relationship relative to the main foliation of the greenschist. Greensch ist at the 
contact contains numerous epidote-quartz lenses and nodules. 
Mineralogically it consists of phenocrysts of clinopyroxene which were chemically 
classified ·as augite according to the enstatite-ferrosilite-wollastonite ternary diagram 
of Morimoto (1989, Fig . 5, Appendix) . The augite gra ins are enveloped by a highly 
foliated matrix of actinolite and chlorite ; minor magnetite, ilmenite, titanite ; and 
accessory epidote, calcite and quartz. The augite is in various stages of alteration. 
A great deal of the original augite grains now consist of secondary minerals . The 
alteration products , in decreasing order of abundance, include a) rodded actinolite 
crysta ls, b) chlorite which is probably an alteration product of actinolite , c) small 
inclusions of ilmenite which is partially altered to leucoxene, and d) a few rather big 
labradori te crystal. The labradorite crystals occur as inclusions in the augite which 
gives it an ophitic texture . Actinolite occurs mostly at the interface between the 
augite and its pressure shadow. 
The asymmetry of the pressure shadows, deformed actinolite fibres (Plate 3.23) 
and fragmented aug ite crystals are definite indicators of shearing. In less deformed 
samples the augite phenocrysts are bigger and the percentage groundmass is less. 
The original rock type probably consisted primarily of coarse-grained augite , thus 
classifying as a clinopyroxenite . The alteration products (act inolite, chlorite and 
minor ilmenite , leucoxene and labradorite) currently make up most of the 
groundmass which is the product of success ive events of shearing . 
xii) Lensoid inclusions in greenstones: 
At the farm Kamina (Sheet A) , greenstone (unit unknown) is foliated around small 
lensoid inclusions. The inclusions have a light purple colour, are very hard with an 
average diameter of 1.5cm. Microscopy revealed that they consist mainly of augite 
phenocrysts in a microcrystalline groundmass of augite , albite , titanite and minor 
chlorite, actinolite, magnetite and epidote (Plate 3.24) . The augite phenocrysts are 
subhedral to euhedral and comprise 1 0 to 15% of the rock. Hourglass twins and 
sector zoning are common in the augite grains (phenocrysts and groundmass). 
Some augite grains are partially altered to chlorite and a few grains contain 
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Plate 3 . 2 4 Lensoid inclusions in greenstones on the farm 
Kamina. They consist of augi te phenocrysts in a 
microcrystalline groundmass of augite 1 albite 1 titanite and 
minor chlor i te 1 actinolite 1 magnetite and epidot e . Plane 
light. 
1 cm 




inclusions of epidote. From the mineralogy of these lensoid inclusions it is 
concluded that they are not amygdales, but rather represent unfoliated remnants of a 
boudinage structure. The lensoid inclusions probably represent remnants of a more 
competent metabasite, surrounded by incompetent metatuff or metabasalt. 
Nine of the ten greenstone units identified were encountered in boreholes drilled "' 
along three section between the farms Vogelstruisdrift and Toorkrans. This area 
includes only a small portion of the main greenstone body. This indicates that the 
main greenstone body is highly heterogeneous and therefore additional greenstone 
units, other than the ten encountered, can be expected. 
3.2 .2. GRAPHITIC SCHISTS 
Graphitic schists occur as lenses within the greenstones and at greenstone-
metasediment contacts where they alternate with layers of phyllite , greenstone and 
carbonate lenses. 
Graphitic schist lenses were encountered in greenstone unit 1 (waterla in tuffs?) 
and unit 5, in boreholes AW2 and AE2 alternatively (Figs . 3.3 and 3.4 ). In borehole 
AW2 the graphitic schist lens is four metres thick and was intersected at a depth of 
15 metres. The contact between greenstone unit 1 and the graphitic schist is sharp. 
In borehole AE2 graphitic schist was intersected at a depth of 23,2 metres, from 
where it continued up to the end of the borehole at a depth of 30 metres. The 
contact between greenstone unit 5 and the graphitic schist is gradational ; bands of 
greenstone alternating with bands of graphitic schist. 
The graphitic schists are highly foliated, fine grained, and laminated parallel to the 
foliation with alternating light grey, dark grey and black lamellae (Plate 3.25) . A few 
quartz lenses and lamellae, less than 1 cm wide occur parallel to the foliation . The 
graphitic schists are well-mineralized with pyrite which is mostly concentrated in the 
quartz-rich lenses and lamellae, along joint faces and as disseminated euhedral 
grains. 
The two graphitic schist lenses are petrographically very similar. The light grey 
lamellae consist of quartz, muscovite, chlorite and small rodded and needle-like 
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actinolite which might ind icate a greenstone component. The darker the lamellae 
the higher the graph ite and pyrite content. Further away from the contacts the 
greenstone component becomes less and the graphit ic schist becomes darker 
coloured . 
Both graphitic schist lenses are intensely deformed. The lamellae and foliation 
have been subjected to more than one folding episode which resulted in 
asymmetrical folds with a smaller set of asymmetrical folds superimposed on their 
limbs. Various types of crenulat ion cleavages were recognized in thin section . They 
include crenulation cleavage with gradational boundaries, zonal cleavage with 
discrete boundaries and fracture-bounded discrete cleavage. Gradational 
crenulation cleavage is often re-crenulated and truncated by zona l or discrete 
cleavage, indicating a complex polyphase deformat ion history. Cleavage zones 
contain less quartz and a higher proport ion of mica . Quartz lenses have been 
subjected to progress ive duct il e and brittle deformation as indicated by undulose 
extinction, sub-gra in development, fragmented crysta ls and ribbon quartz. 
On the farms Gousblomkraa l, Vogelstru isdrift, Rooihoogte and Vrugbaar (Sheet A) 
graphitic schists are interlayered with phyll ite, greenstone and carbonate lenses. 
Jasper-rich lenses are often present in these zones. The graph itic schists occur as 
thin bands , a few centimetres wide , as well as th ick lenses of a few metres wide . 
Rabie (197 4a) mapped these outcrops as tuffs or volcanic ashes. In these outcrops 
the graphitic schists are highly weathered , soft, dark grey and fine grained with no 
visible mineralizat ion . 
3.2.3. MUSCOVITE-QUARTZ SCHIST 
On the farm Tweevlei dolomite overlies a dark coloured muscovite-quartz schist. 
The schist is fine-grained , homogeneous , highly foliated and dark grey with a purple 
tint. No banding or quartz lenses are visib le in the outcrops . 
The schist consists of ± 60% muscovite which envelopes microcrystalline quartz 
lenses and magnetite and hematite grains. Minor chlorite is also present. Red 
discoloration is related to oxidized magnetite forming hematite. 
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Two deformation phases are recognizable in the sch ists : a) one during which the 
schists were foliated and b) a later episode during which the foliation was folded into 
open folds (wave-length is 6m) The dolomite-schist contact dips approximately 60 
to 70 degrees in an easterly direction. The contact is defined by a thin ol ive green 
chloritic zone, 1 to 20cm wide . The dolomite appears somewhat weathered and 
friable at the contact and it encloses sma ll fragments of chlorite. 
3.2.4. DOLOM ITE 
On its western side the ma in greenstone body is for most of its length in contact with 
dolomite (Sheet A). The width of the dolomite varies from a few metres across to 
approximately BOOm wide at the farm Vogelstruisdrift. The dolomite is currently 
being mined at Bridgetown (Sheet A) , mostly for agricultural use. Recent ly, dolomite 
was encountered up to depths of 70 metres in boreholes drilled by PPC at the farm 
Vogelstruisd rift (M . Taylor. pers . comm , 1994 ). In these boreholes banding , dipping 
steeply in an easterly direction , was encountered in the dolomite. Structurally the 
boreholes were drilled into the western limb of a broad synform (Sheet A) . 
Genera lly the dolomite is light grey to cream , fine grained , massive and fairly pure. 
Small veins and inclusions of chert are present in the dolomite. The chert inclusions 
are often whi te and/or grey but laminated maroon/dark grey chert is also present. 
Some of the clear chert inclusions are probably chalcedony. Mil ky and clear quartz 
veinlets occur along joints in the dolomite. Disseminated pyrite and pyrrhot ite are 
often found in highly jointed dolomite . 
In thin section, dolomite from the Bridgetown quarry is made up of fine- to medium-
grained anhedral dolomite which appears foggy in places. The dolomite crystals 
show no preferred orientation and no primary sedimentary structures were observed. 
This is probably due to recrystallization of the dolomite during low-grade regional 
metamorphism. Most crystals display deformation twins which formed in response to 
some degree of stress. The dolomite is cross-cut by numerous fine irregular 
fractures which are filled with hematite, magnetite and euhedral macrocrystalline 




In borehole CE1 (Fig . 3 6) dolomite lenses occur within greenstone unit 4. The 
largest lens (13m wide) contains small spherical inclusions consisting of medium- to 
coarse-grained anhedra l dolomite (Plate 3.26) . The inclusions have an average 
diameter of 0.3mm and are mostly spheroidal, but a few ellipsoidal inclusions are 
also present. The dolomite crystals in the inclusions show no preferred orientation. 
The dolomite surrounding the inclusions is microcrystalline and anhedral with a 
foggy greyish appearance. These inclusions probably represent ghost inclusions 
which were preserved during dolomitization of oolithic limestone. 
At the farm Bridgetown irregular zones which consist of a pink dolomite matrix with 
fragments of different rock types , occur in the dolomite body. These zones are 
interpreted as karsts which were filled by slumping of overlying material. 
Dolomite outcrops with a laminated appearance occur on the farm Matjiesrivier, on 
the northern bank of the Matjies River . The dolomite is poorly foliated and consists 
of alternating dark grey/maroon and light grey/pink lamellae with a few small chert 
inclusions. 
On the farms Tweevlei and Bridgetown (Sheet A) greenstone occurs as small sill-
or dyke-like bodies in the dolomite sequence. One of these greenstone bodies 
outcrop next to the Bridgetown dolomite quarry. lt is approximately 5m wide , 60m 
long and weathers negat ively relative to the surround ing dolomite. The greenstone 
is fine grained, olive-green and highly foliated parallel to the greenstone-dolomite 
contact. The boundary between the greenstone and the dolomite is not clear-cut 
and some degree of mixing of the two rock types has taken place. A similar dyke-
like greenstone body in dolomite at Tweevlei , encloses small jasper-rich chert 
lenses. 
3.2.5. CHERT 
Associated with greenstones and dolomite are bodies of chert , mostly found where 
phyllites border the greenstones. The chert bodies are elongated parallel to the 
pelite-greenstone contact with a maximum width of 60 metres. Most of the chert 
outcrops occur along the western border of the main greenstone body where they 
are associated with dolomite , whereas along the eastern greenstone contact only a 
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Plate 3 .26 Oolitic dolomite from borehole CEl. 
Stellenbosch University http://scholar.sun.ac.za
few chert outcrops were mapped. Smal l chert bodies 1n the greenstone are 
associated with dolomite. 
The cherts vary considerably in colour, texture and degree of deformation. The 
following types of chert occur in the Bridgetown Formation: 
i) White , grey and translucent massive chert. 
Most of the chert outcrops fall in this category. These cherts often appear black to 
dark red-brown as the result of the presence of a crust composed of manganese and 
iron oxides. Some of the outcrops have a light brown to cream colour and can easily 
be mistaken for silcrete . 
The following two massive chert samples were studied in thin section: 
a) Grey massive chert (location : De Pant , Sheet A, Sample NSF/3.2) 
The chert is a relatively pure rock consist ing of microcrystalline, anhedral quartz and 
accessory hematite . The quartz is equigranular, shows no preferred orientation and 
displays undulose extinction A few fracturess are filled with recrystallized 
macrocrystalline anhedral quartz. 
b) White to cream massive chert (location: Tweevlei , Sheet A, Sample NSF/3.6) 
The chert consists mainly of microcrystalline anhedral quartz which has a foggy 
appearance due to the presence of numerous very small inclusions. The rock also 
contains coarse-grained recrystallized quartz which is anhedral and displays 
undulose extinction and sub-grain development. Disseminated anhedral hematite 
grains occur as an accessory mineral. 
ii) Oolitic chert. 
Oolitic chert was found on the farms Vogelstruisdrift and Palestina (Sheet A; 
Samples NSF/7 and NSF/3.4). 
At Vogelstruisdrift the oolitic chert is associated with mass1ve chert, jaspilite, 
dolomite and greenstones which have been described as tuffs (Rabie , 197 4a), 
altern?ting with phyllites, carbonate lenses and graphitic schists. In hand specimen 
the chert contains flattened white to cream 'ooids' (diameter <3mm) surrounded by a 
translucent chert matrix. In thin section the 'ooids' consist of cryptocrystalline 
anhedral quartz with dark grey amorphous inclusions concentrated at the rim . The 
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'ooids' vary considerably in shape; from spherical to lenticular. The matrix consists 
of microcrystalline quartz which surrounds an innermost zone of macrocrystalline 
quartz. 
The oolitic chert on Palestina occurs within a massive white to cream lenticular 
chert body located in phyllite . The oolitic chert consists of white to grey flattened 
spheres (diameter: 1 to 3mm) in a massive light brown matrix (Plate 3.27). In thin 
section the spheres c:msist of cryptocrystalline anhedral quartz. Some include 
coarser-grained microcrystalline concentric rings of anhedral quartz which often 
surround an inner zone of macrocrystalline quartz (Plate 3.28). Some oolites are 
composed entirely of macrocrystalline quartz. The macrocrystalline quartz displays 
undulose extinction and sub-gra in development probably in response to strain 
experienced during deformat ion The matrix is composed of cryptocrystalline quartz 
and an amorphous materia l which is too fine grained for optical identification 
Zonal structures in the oolit ic spheres on Palestina resemble structures found in 
oolitic carbonates entirel y replaced by silica (Hesse , 1989). The zonation results 
from inward progress ion of the replacement and reflects decreasing silicon activity 
.and/or decreasing permeab ility as the ooid rim gets sealed off by silicification 
iii) Jasper and jaspilites 
Jasper and jaspilite occur in cherts on the farms Vogelstruisdrift , Vrugbaar and 
Kleindrif (Sheet A) . Jaspilites also occur as lenses within the greenstones. Jaspilite 
lenses are found in ·greenstone unit 9, banded greenstone with graphitic schist and 
carbonate lenses (tuffs? ) and in greenstones which occur as small dyke-like bodies 
in the dolomites at Tweevlei . 
Jasper on the farm De Pant (Sheet A, Sample NSF/3.1) was studied in thin 
section . In outcrop it is a massive red rock in contact with massive grey chert. 
Although relatively massive in hand specimen, discrete structural grain is defined by 
orientated fine- to coarse-grained quartz grains in thin section . The quartz has a 
cloudy appearance due to the presence of numerous very small hematite inclusions. 
The rock also includes coarse-grained anhedral to subhedral hematite and 
accessory calcite . The following microstructures in the quartz typify progressive 
ductile shearing , recovery and recrystallization: a) undulose extinction, b) serrated 
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Plate 3.28 Oolitic chert on the farm Pa lestina consisting 
of a microcrystalline quartz rim surrounding an inner zone 
of macrocrystalline quartz. Crossed polars. 
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gra in boundaries, c) sub-grain development and d) elongated gra ins with a ribbon 
quartz texture . 
3.2 .6. SUPERIMPOSED VEINS 
The Bridgetown Formation is cut by various ages of superimposed veins . 
Veins cross-cutting the greenstones consis• mainly of quartz and/or calcite. The 
width of the veins seldom exceeds 3 centimetres . The largest ve ins usually enclose 
irregular pieces of the greenstone, and involve some brecciation. Veins are usually 
associated with small shear zones and joints, and some veins formed by means of 
the crack-sea l mechanism. Th is involves multistage crack opening and vein infill in 
response to fluctuations in flu id pressure (Barker , 1989). Characteristically such 
veins contain thin inclusion bands parallel to the ve in walls which represents 
detached screens of the wall rock. Generally the superimposed veins are not 
associated with any mineralization , except for unit 1 where pyrite is concentrated 
along quartz-calcite vein marg ins. The different ve in types and the ir abundance in 
the greenstone un its are summarized in Table 3.2. 
Other rock types of the Bridgetown Formation do not contain any calcite veins and 
are cross-cut by monomineralic quartz veins of different ages. it is thus concluded 
that calcite , in veins cross-cutting the greenstones, was derived primarily from the 
greenstones . This is further illustrated by the fact that veins cross-cutting graphitic 
schist lenses , which are interlayered with the greenstones, do not contain any 
calcite . 
In the dolomites a few milky and clear quartz veins occur mostly along joints. 
Plenty irregular milky and clear quartz veins are present in most of the chert 
outcrops. Milky quartz veins, up to 20cm wide , cut through massive cherts at the 
farm Gousblomkraal. Cherts often contain boxwork textures where quartz veins 
intersect each other. The muscovite-quartz schist on the farm Tweevlei do not 
contain any quartz veins in the outcrop. 
Quartz and calcite veins of all ages have been subjected to some degree of strain 
as displayed by microstructures such as undulose extinction , deformation twinning, 
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serration and sub-gra in development . Most of the vei ns cross-cu t the dominant 
penetrative foliation and are therefore either late tecton ic or post-tecton ic. 
3.3. PHYLLITES IN CONTACT WITH THE BRIDGETOWN FORMATION 
The main greenstone body is bordered mainly by phylli tes . Accord ing to Rabie 
(197 4a) Tweevle i clayslates and phyll ites occur along the western and northern 
boundary of the greenstone body and Porterville clays lates mostly along its eastern 
boundary. Rab ie included both the Tweevlei and Porterville un its in the Boland 
terrane. 
According to the geologica l map of the Koringberg-Hermon area (Sheets 33188-
Malmesbury and 331 9A-Ceres, 1975), phyllites of the Moorreesburg Formation 
occur west of the greenstone body and phyl lites of the Porterville Formation east of 
the body. The Moorreesburg Formation was incorporated in the Swartland terrane 
and the Porterv ille Format ion in the Boland terrane by placing the Piketberg-
Wellington fault zone at the eastern greenstone-metasediment contact. 
No abrupt trans ition was found between phyl li tes of the Swart land terrane and 
phyllites of the Boland terrane. Phy lli tes along the greenstone contacts are intensely 
deformed, layers of greenstone at some localities alternat ing with layers of phyllite 
(De Villiers , 1979). At the western greenstone boundary phyllites are mostly in 
contact with dolomite and chert . 
According to de Vi lliers (1969) the phyl lites have been subjected to low-grade 
metamorphism, namely the lower greenschist facies . The metamorphism appears to 
be approximately contemporaneous with the main tectonic phase. The phyllites 
have suffered polyphase deformation. A well-defined foliation with a general NW-SE 
strike is present in all the metasediments . 
Quartz-rich and quartz-poor schists are also found interlayered with the phyllites . 
The schists and phyllites are yellow brown, grey and light khaki coloured and often 
stained red to purple along joints. Most of the outcrops are friable , soft and clayey 
due to severe weathering . 
A few thin limestone outcrops (up to 50 metres wide) occur in the phyllites on the 
farms Matjiesrivier and Noukloof (Sheet A) . The limestone is fine grained, dark 
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coloured to nearly black, fairly pure and shows signs of intense folding . Rabie 
(197 4a) also mapped a grit marker interlayered with the phyllites . 
On the farm Voorwaarts the phyllites grade into a quartz schist which Rabie 
(197 4a) mapped as the Vogelvlei quartzite. Similar rock types , the Spitskop quartz 
schists (mapped by Rabie , 197 4a) , flank the Spitskop ant iform. 
Milky quartz veins and lenses are abundant in the phyllites . Some occur parallel 
to the main foliation and others occur mostly along joints. The veins have an 
average width of 1 cm, but massive quartz zones of up to 2 metre wide (on the farm 
Gousblomkraal) are also present. Usually associated with the quartz veins are red-
brown to black iron- and manganese-enriched zones, parallel to the foliation and 
along joints. Iron and manganese were probably displaced during the silicification 
process. On the farms Oasdrif and Drieheuwels , these zones are up to 30cm wide. 
The phyll ites and sch ists are often capped with ferricrete and silcrete , especially 
along the eastern greenstone-metasediment contact. 
3.4. SPITSKOP AREA 
The area around Spitskop includes part of a domal feature , the Spitskop antiform , as 
mapped by Rabie ( 197 4b) Rabie included the Spitskop antiform in the Boland 
terrane. Visser et al. (1973, 1981) correlated stratigraphic units in this structure with 
similar ones in the Swartland dome, a broad antiform, trending north-north-west 
between Moorreesburg and Riebeek Kasteel , in the Swartland terrane. Visser et al. 
(1973, 1981) consequently included the Spitskop antiforms in the Swartland terrane 
by moving the Swartland-Boland terrane boundary to a position east of the Spitskop 
antiform. 
The area around Spitskop is stratigraphically and tectonically complex, having a 
wide variety of lithological units , the stratigraphic relationships of which are obscured 
by faulting . The lithologies include quartz schists , quartz-feldspar-sericite schists, 
banded chert and greenschists. Their tectono-stratigraphic relationships are 
illustrated in Table 3.1 and Section B-B' (Fig. 3.2) . 
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3.4.1. QUARTZ SCHIST 
Quartz schist in the Spitskop area (mapped by Rabie , 197 4a) is light grey to cream 
coloured and varies from fairl y massive to highly foliated (Sheet A) . 1t consists of a 
dense mosaic of quartz grains with accessory albite, chlorite , sericite and calcite (De 
Villiers , 1969). The massive quartz schists have the appearance of a quartzite. The 
foliated quartz schists conta in red-brown speckles of oxidized material and the h:ghly 
foliated quartzites have a banded appearance consisting of alternating dark and light 
grey recrystallized quartz lamellae. The foliation in the quartz schist probably 
developed during thrusting or later shearing . 
Similar rock types occur higher up in the success ion (e.g . quartz sch ist on the farm 
Kamina ). 
3.4.2. QUARTZ-FELDSPAR-SERICITE SCHIST 
Highly weathered light yellow brown to grey green quartz-feldspar schists which 
grade into light grey quartz-sericite sch ists, outcrop in the reg ion of Spitskop and the 
Misverstand dam (Sheet A) The schists are in contact with quartz schists , phyllites 
and graywackes but the ir stratigraphic relationships are nowhere clearly exposed . 
The schists are medium grained , highly foliated with milky quartz lenses (up to 
1 Ocm wide ) parallel to the main foliation. The schists are laminated in places with 
alternating quartz- and mica-rich lamellae, parallel to the main foliation , which is 
probably the result of mineral segregation during metamorphism. De Villiers (1969) 
distinguished between quartz-rich and quartz-poor schists, represent ing altered 
graywacke and shale respectively . The former consists of quartz, feldspar , chlorite, 
sericite and calcite with accessory ore minerals, apatite , tourmaline , zircon and 
epidote. The quartz-poor schists consist of chlorite and sericite with small variable 
amounts of quartz and feldspar. 
The schists have been subjected to at least three phases of deformation. A 
dominant, penetrative foliation with NW-SE strike has been subjected to more than 
one folding episode , regionally and locally. 
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Plate 3.29 Banded chert at Spitskop. 
cracks in the chert are filled with spinel 
red-brown spinel grains are Al- and Mg-rich 







and micas. The 
chromite grains 
Plate 3.30 Chlorite schist at Spitskop. Rounded 
porphyroclasts of albite in a groundmass of chlorite, 
magnetite and fine-grained quartz and albi te. The albi te 
porphyroclasts are partly altered to saussurite and contain 
small alkali feldspar inclusions. Crossed poJors. 
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A few carbonate bodies outcrop in the quartz-feldspar-sericite schists . A small 
limestone body (150m by 50m) occurs on the farm Misverstand (Sheet A). lt is light-
coloured , medium grained, homogeneous and poorly foliated, appearing dark grey in 
the outcrops as the result of the presence of a crust composed of manganese and 
iron oxides. Another carbonate body (250m by 150m) outcrops north of Spitskop in 
the quartz-feldspar-sericite schists . The outcrop surface is rough and the rock 
appears mottled due to the presence of irregular inclusions of chlorite , quartz, 
oxidized material and micas. 
3.4.3. BANDED CHERT 
At Spitskop a banded chert overlies quartz-feldspar-sericite schist and greenschist 
exposed in a road-cutting through the south-eastern flank of Spitskop The contact 
between the quartz-feldspar-sericite schist and the chert is gradational ; the schist 
becoming more siliceous near the contact. 
The chert is highly resistant to weathering and is probably responsible for the relict 
high topography at Spitskop. Similar rocks were also found northeast of Spitskop 
adjacent to the Berg River (Sheet A) 
The chert consists of alternating light grey and dark grey quartz bands (width 
<1 cm) which are separated by yellow brown to red-brown iron-rich faces Micas and 
euhedral fine-grained pyrite and magnetite are concentrated along some of these 
faces. At some localities the chert is yellow brown and massive with poorly 
developed agate-like features . 
In thin section the banded chert is made up of fine- to medium-grained anhedral 
quartz which shows little orientation. The quartz displays undulose extinction, 
serration of boundaries and sub-grain development which developed in response to 
strain. 
Small irregular discontinuous fractures cut through the quartz fabric. They are 
filled with a brown-green mica and spine! grains (Plate 3.29). The spine! grains are 
subhedral to euhedral and consist of a red-brown core which is surrounded by a 
black opaque rim. Microprobe analyses were done on a few spinel grains (Table 14, 
Appendix) . Analyses were done on the red-brown core (analyses 4, 5 and 6) and 
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the dark red to black rim (ana lyses 7 to 11 ). The core has a high AI203 (26%), 
Cr203 (44 to 45%), FeOt (14 to 17%) and MgO (13 to 15%) content , wh ich classifies 
it as an AI- and Mg-rich chromite . The darker rim has a much lower MgO content 
(0,67 to 2,36%) and a higher total FeO content (32 to 34%). The Cr203 content is 
only slightly lower and the AI203 content is similar, thus classifying as a Al-rich 
chromite . A few fragmented opaque grains which represent the outer part of the 
dark rim (analyses 1, 2 and 3) have the composition of magnetite with minor Si02 , 
MgO and AI203. This probab ly indicates increasing replacement of Mg by Fe+2 and 
Cr by Fe+3 towards the edge of the spine! gra in. 
Nine analyses were done on the brown green mica (Tab le 15, Append ix) . Little 
consistency was found between the different anal yses. Genera lly the micas have a 
low K20 (0 22 to 2.18%) content and a relat ively high Cr20 3 (1.43 to 4.66%) 
content . The ir compos itions do not agree with that of typical micas and seem to 
represent mixtures of biot ite and chlorite. 
The occurrence of the spine ! grains and micas along fractures in the banded chert 
might ind icate that the ir crysta llizat ion is related to a hydrothermal event. 
3.4.4. GREENSCHISTS 
A few small greenschist bodies outcrop in the Spitskop area. They occur mainly as 
intraformational bodies, but are also found in the quartz schists . Most of the small 
outcrops are highly weathered , some only recognizable by olive green fragments 
scattered through the wheatfields and by dark red-brown soil , in places covered with 
a secondary carbonate crust. 
Two small , highly altered greenschist bodies occur in the quartz schist. Both are 
bordered by massive quartz veins which probably represent fault zones in the quartz 
schist. 
A 50m wide greenschist zone occurs along the eastern and south-eastern quartz 
schist/quartz-feldspar-sericite schist contact. it is fine grained, grey to olive-green 
and highly foliated . The boundary between the quartz schist and the greenschist is 
transitional. Both are transected by numerous quartz ve ins. 
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Fresh greenstone (about 500m wide ) outcrops on the farm Misverstand along the 
quartz-feldspar-sericite schist/phyllite contact (Sheet A). it is dark grey, fine grained, 
highly fol iated and laminated with alternating dark grey and light grey lamellae 
parallel to the foliation . The quartz-feldspar-sericite schist is phyllitic at the 
greenstone contact, containing numerous quartz veins and zones enriched in iron 
(up to 1 m wide). Directly north of this green stone body, on the farm Klipplaat , small 
outcrops of a highly weathered carbonate rock containing fragments of greenschist 
may represent highly weathered greenstone (Sheet A). 
At Spitskop a 150m by 150m outcrop of chlorite schist was exposed in a road-cutting 
through the south-eastern flan k of Spitskop (Sheet A) . The chlorite schist occurs 
within the quartz-feldspar-sericite schisfs and both rock types are overlain by a 
banded chert. The chlorite sch ist is also bordered by a possible fault zone which is 
outlined by a massive quartz vein at the quartz schist contact. 
The chlorite schist is ol ive-green , fine gra ined , highly foliated and folded and cut 
by milky quartz veins . In thin section it has a mylonitic appearance, consisting of 
microcrysta lline anhedra l quartz, albite and stringers of chlorite which envelope 
porphyroclasts of alb ite . The albite porphyroclasts are rounded and some are 
fragmented (Plate 3.30). They are partly altered to saussurite and contain small 
euhedral alkali feldspar inclus ions. A few red-brown to black anhedral hematite 
grains are mostly associated with the chlorite stringers. 
Associated with the chlorite schist are small irregular Ni- and Cr-rich massive talc 
bodies, containing specks of oxidized material , and a small dolomite-talc-chlorite 
outcrop (1 Om by 60m) which occurs along joints within the banded chert. A 
carbonate rock, probably representing altered greenstone (discussed under section 
3.4.2.), outcrops in the quartz-feldspar-sericite schists , directly north of Spitskop 
(Sheet A). 
The association of Ni- and Cr-rich talc-rock and chlorite schist at Spitskop may 
indicate the presence of ultramafic rocks . Talc or rocks rich in talc, accompanied by 
minerals such as tremolite , anthophyllite, chlorite, magnesite, dolomite, magnetite 
and quartz, often form when ultramafic rocks are exposed to Si02-saturated, 
frequently C02-bearing , aqueous pore fluids during metamorphism (Evans and 
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Guggenheim, 1988). Nickel-r ich varieties can occur in the sapprol ite zone of 
laterites developed on serpent inized ultramafic rocks (Maynard , 1983), as well as in 
a nickel-rich ore deposit by reaction at the contact between quartzite and ultramafic 
rocks (De Waal , 1970). Although no ultramafic rocks outcrop at Spitskop, the 
possibility exists that it might underlie the banded chert and that the Ni-rich talc is a 
reaction product of the banded chert and a metamorphosed ultramafic body. 
3.4 .5. SUPERIMPOSED VEINS 
The area around Sp itskop is characterized by massive quartz bodies and veins , up 
to 60 metre wide (on H"l e farm Vondelong , Sheet A) outcropping as conspicuous 
ridges in the quartz schist and at the quartz sch ist boundaries . Many of these quartz 
bodies occur along shear and fault zones and joint systems. The quartz is milky to 
grey and fairly pure . On the farm Geeldam East (Sheet A) some of the massive 
quartz bodies have a light pink colour. 
Quartz ve1ns, usua lly intensely fo lded , are plentiful in the quartz-fe ldspar-sericite 
schists. They occur mostly parallel to the fo liation and along joint and shear faces . 
Small iron- and manganese-enriched zones are associated with the quartz veins. 
The iron and manganese were probably displaced during the silicification process. 
At some localities a thin crust of precipitated iron and manganese oxides are found 
on the weathering surfaces of the schists . 
A few massive milky to grey quartz outcrops, up to a few metres wide , occur in the 
quartz-feldspar-sericite schists . Several massive quartz bodies outcrop on the 
northern flank of Spitskop, adjacent to the banded chert contact. These bodies have 
been subjected to more than one episode of brittle deformation and are mineralized 
with pyrite , galena and sphalerite . Boxwork textures are plentiful near the surface 
where pyrite has been removed during weathering . 
Quartz veins of various ages are present in the greenschists , occurring parallel to 
the foliation as well as along joints and small shear zones. Quartz veins in the 
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chlorite schist at Spitskop are up to 1 Ocm wide, and some have boxwork textures 
filled with limonite, indicating the replacement of pyrite. 
At least four different ages of milky and clear quartz veins are present in the banded 
chert at Spitskop. The veins have an average width of 1 cm, but some are up to 
1 Ocm wide . The chert has a boxwork texture , especially where numerous quartz 
veir s intersect each other. The banded chert and some quartz veins have been 
subjected to more than one episode of brittle deformation . Massive milky to grey 
quartz outcrops (up to 2m wide) also occur in the banded chert. The quartz is 
generally fairly pure and massive, but some of the outcrops are highly sheared, and 
boxwork textures were found in a few outcrops. 
3.5.STRUCTURALGEOLOGY 
The structura l geology of the area between Spitskop and Winkelhaaksvlei was 
described in considerable deta il by Rabie (1974b). He compiled structural and 
geological maps of the Moorreesburg-Wellington area. The main structural features 
on Sheet A represent a combination of structural data from Rabie (1974b) and 
recent field work . 
The position of the Piketberg-Wellington fault zone is still unresolved. According to 
Hartnady et al. (1974b) the Piketberg-Wellington fault zone marks the Swartland-
Boland terrane boundary. Rabie ( 197 4b) located the Piketberg-Wellington fault 
zone 5km west of Heuningberg , running subparallel to the course of the Berg River 
and swerving in a westerly direction at the farm Bridgetown , consequently including 
the Bridgetown Formation and the Spitskop antiform in the Boland terrane. Hartnady 
et al. (197 4) suggested that the Piketberg-Wellington fault zone runs along the 
eastern boundary of the main greenstone body, thus including the Bridgetown 
Formation and the Spitskop antiform in the Swartland terrane. 
The original subdivision of the terranes by Rabie (197 4b) appears more feasible 
than the present subdivision, and is supported by the following : 
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a) Little evidence was found for the existence of a fault at the eastern greenstone 
boundary, except for zones (15 to 20 metre wide) of superficially silicified schist on 
the farms Heuningberg and Vryheid . 
b) The phyllites west of the present 'fault zone' is similar to the phyllites east of the 
'fault zone' , and no abrupt contact was found between them. 
c) The greenstones of the Bridgetown Formation exhibit one prominent cleavage 
which strikes NNW and is almost everywhere near-vertical , which is characteristic of 
the structural style of the Boland terrane. 
d) Rabie's subdivision includes the Bridgetown Formation , the Voelvlei 
metavolcanics and the Riviera metavolcanics which are lithologically very similar, in 
a single terrane. 
lt is therefore more feasib le to include the whole area between Spitskop and 
Winkelhaaksvlei (Sheet A) in the Boland terrane. Consequently , phyllites of the 
Moorree·sburg Formation along the western boundary of the Bridgetown Formation 
now become part of the Porterville Formation. 
The metasediments and metavolcanics between Spitskop and Winkelhaaksvlei have 
suffered polyphase deformation . A well-defined foliation with a general NNW-SSE 
strike is present in the metasediments and metavolcanics. The foliation was 
regionally folded into antiformal structures and locally into small near-upright tight 
folds . This agrees with the structural style of the Boland terrane which was always 
regarded as structurally more simple than the Swartland terrane , with one phase of 
near-upright, near isoclinal folds and one prominent cleavage which strikes NNW 
and is almost everywhere near-vertical (Hartnady et al. , 197 4 ). One of the antiformal 
structures, the Spitskop antiform, was mapped by Rabie (197 4b) as a broad antiform 
trending NNW between Spitskop and Rooihoogte (8km west of Voelvlei Dam). The 
antiform axis runs through the south-eastern flank of Spitskop and continues 
subparallel to the western boundary of the Bridgetown Formation to Sandberg in the 
south (Sheet A). On Sheet A the position of the antiform between the farms 
Geeldam and Bridgetown was slightly modified by moving it 1 ,8km to the east so as 
to coincide with a broad antiform between the farms Gousblomkraal and Bridgetown. 
A northwest trending synform axis running through the crest of Spitskop (Rabie, 
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197 4b) is correlated with a NNW-SSE trending synform between Matjiesrivier and 
Kamina (Sheet A) . A wel l developed lineation in the schists and phyllites is 
approximately paralle l to the axis of the synforms and ant iforms , plunging 2 to 25° in 
a south-easterly direction between the farms Spitskop and Kamina . The synforms 
and antiforms are mostly southward plunging between the farms Spitskop and 
Kamina , and northward plunging in the area of the farm Dasdrif. 
Faulting in the Bridgetown Formation is obscured by poor exposure of the 
metavolcanics which are very susceptible to weathering . A fault zone, cutting 
through the bend in the Berg River and runn ing parallel to a near-vertical cliff at the 
farm Toorkrans , was mapped by Rabie (197 4b). Although this fault zone is poorly 
exposed , shearing is prominent in core of bore hole CE 1 which was dril led into unit 4 
next to the fault zone. Dolomite lenses wh ich alternate with greenstone unit 4 in 
borehole CE1 , also contain brecciated zones (60cm to 1 ,Sm wide) which consist of a 
dark grey carbonate matri x with angular fragments of cream coloured dolomite. lt is 
concluded that the contact between units 4 and 9 (Fig . 3.6) is fault related in this 
area. Borehole core also revea led small shear zones (1 0 to 30cm wide) within 
greenstone units 1 and 2, and britt le deformation with in unit 7. 
On the farm Bridgetown a vertical face of dolomite revea ls consecutive episodes of 
shearing and faulting . The shearing event is represented by a high ly foliated zone 
(up to 50cm wide) in the massive dolomite . The fol iated materia l consists of 
alternating fine-grained yellow brown , red-brown , dark grey and grey green bands 
which pass gradually into an adjacent zone of brittle deformation . The foliated zone 
generally dips 20 to 30 degrees in a northerly direction . lt represents either a slip-
zone along ductile intrusive material or a thrust fault along which the dolomite 
underwent brittle deformation and metasomatic transformation. A younger fault 
zone, dipping 50° in a northerly direction , displaced the highly foliated zone by 
30cm. Dolomite suffered brittle deformation without foliation along the younger fault 
zone. The dolomite is highly jointed with a near-vertica l set of joints which cuts 
through the shear zones . 
Between the farms Dasdrif and Winkelhaaksvlei zones of brecciated chert occur in 
the massive chert bodies (Sheet A) . These zones are up to 50 metres wide and 
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consist of fragments of dark grey, wh ite , maroon and translucent angular chert 
fragments in a fine-grained yel low brown siliceous matri x. According to Goodwin 
(1962) brecciated chert horizons are common in cherts associated with greenstones. 
They are thought to have formed soon after deposition by wave action or slumping , 
and are probably not re lated to faulting . 
In the Spitskop area faulting is visib ly more distinct, being defined by conspicuous 
ridges of massive quartz in the quartz schists ard at the quartz schist boundaries. 
Rabie (197 4b) mapped two major fault zones which borders the Spitskop fault-trough 
(Fig. 3.2) Contacts between the quartz-feldspar-sericite schists and the quartz 
schists at Spitskop are therefore fault related and not stratigraphic. 
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4. METAMORPHIC PETROLOGY OF THE BRIDGETOWN FORMATION 
The rocks in the area between Spitskop and Winkelhaaksvlei have experienced low-
grade regional metamorphism up to the lower greenschist facies , accord ing to De 
Villiers (1969). The metamorphism appears to be approximately contemporaneous 
with the main tectonic phase. Although outcrops of pluton ic rocks are absent in this 
area, the possible presence of unexposed plutcns of the Cape Granite Suite and 
related contact metamorphism shou ld not be ruled out. In this section the 
metamorphic petrology of the greenstones and associated rock types of the 
Bridgetown Formation are discussed. 
4.1. GREENSTONES 
A detailed minera logical study of the greenstone units focussed on mineral 
composition and metamorphic grade. The greenstone units (excluding unit 5) 
consist of the following metamorphic minerals : albite (Ano-2) , actinol ite , epidote , 
calcite , chlorite , titanite , magnetite , ilmenite and muscovite. Some quartz is always 
present. Many combinations of these minera ls occur depend ing on the nature of the 
original rock, the degree of deformati on of tbe rock and the degree of alterat ion. 
Unit 10, the younger intrusive dyke, is the only un it which contains relict igneous 
minerals (e.g. aug ite ). In the other units none of the original minerals or textures 
were preserved , except for banding within some units which might indicate graded 
bedding. 
The mineral parageneses of the greenstone units (excluding un its 5 and 8 which 
do not contain epidote) are represented on an ACF diagram (Fig . 4.1 ). it should be 
noted that mineral compositions of individual units were not plotted in Fig . 4.1 due to 
insufficient FeO and Fe203 data for the chlorites . Plots of the different minerals in 
Fig . 4.1 represent average mineral compositions for mafic greenschists (Winkler, 
1976). However, the average chemical compositions of the different greenstone 
units (excluding unit 5) were plotted on the ACF diagram to indicate that the rock 
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Figure 4.1. ACF diagram showing mineral parageneses in the 
greenstone units (excluding units 5 and 8). The average 
chemical compositions of the different greenstone units 
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for chlorites of the different greenstone units. 
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Microprobe analyses revealed compositional variat ions for chlorites between units 
(Table 8, appendix). The main difference between chlorites from different units is 
their FeOt content. Unit 8 has the lowest FeOt content of 1 0%; units 3, 4, 6, 7 and 9 
have FeOt values between 11 and 17%, and units 1, 2 and 11 have FeOt values 
between 23 and 30%. Compositional variations between chlorites from different 
units are further illustrated in a plot of Altotal versus Alvi/Aiiv (Fig. 4.2). Chlorite of 
units 1 and 2 has a much higher Altotal content than chlorite from other units. 
Because of the variety of chemical substitutions that are possible in the chlorite 
structure, structural classification schemes are recommended by most authors in 
stead of chemical classification schemes. Because XRD analyses were not 
performed on the chlorites , a chemical classification scheme, recommended by Hey 
(1954) , was adopted . Accord ing to Hey (1954) the chlorites classify as oxidized 
chlorites (Fe203t >4%) . With Si contents between 2.71 and 2.91 (calculated on the 
basis of 14 oxygen) , they plot at the boundary between thuringite and chamosite . 
The presence of actinolite rather than hornblende indicates that the greenstone 
units are in the greensch ist facies and not the epidote-amphibolite facies . The 
absence of biotite in the greenstone units (excluding unit 5) indicates mineral 
assemblages typical of the lower greenschist facies. Secondary minerals such as 
calcite, quartz and epidote cross-cutting foliation indicate post-metamorphic 
alteration . 
When reviewing the metamorphism of mafic rocks , it is interesting to start with the 
magmatic parageneses of basaltic-andesit ic rocks and to observe the metamorphic 
changes that take place duri ng low-grade metamorphism. The main constituents of 
basalts and andesites are plagioclase (from about An 70 to 40) and clinopyroxene, 
commonly augite , and additional hypersthene and/or olivine (Winkler, 1976). Figure 
4.3 gives the average composition of the most common basalt type; the ruled area 
indicates the common range of basalts and andesites (Winkler, 1976). The dotted 
line indicates the field occupied by the Bridgetown greenstones (excluding unit 5) . 
Other than Si02, the main components are CaO, Na20 and AI203 from plagioclase; 
CaO, MgO, FeO and some AI203 from augite; and MgO and FeO from olivine and/or 
hypersthene (Winkler, 1976). After low-grade metamorphism, Na20 is a major 





Figure 4. 3. The average composition of basal tic-andesi tic 
rocks (ruled area); mean value of tholeiites indicated 
(square). Plagioclase commonly between An 65 and An 40 
(Winkler, 1967). The dotted line indicates the field 
occupied by the Bridgetown greenstones (excluding unit 5). 
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During low-grade metamorphism up to the greenschist facies augite and hornblende 
becomes unstable and decomposes to actinolite , chlorite and epidote . 
Mineralogically , unit 5 differs considerably from the other greenstone units . lt 
consists mainly of (in decreasing abundance): quartz, orthoclase, randomly 
orientated biotite with minor muscovite, chlorite , calcite and magnetite. This mineral 
assemblage is more typical of a metamorphic rock formed from a pelitic rock rather 
than a mafic volcanic rock. The chemical composition of unit 5 was plotted on ACF 
and A'KF diagrams to establish if the rock was primarily magmatic or sedimentary 
(Fig. 4.4) . According to Nockolds (1954) and Ronov and Khlebnikova (1957) , 
different rock types occupy specific fields in the ACF and A'KF diagrams. In the ACF 
diagram unit 5 does not plot in any specific field , but in the A'KF diagram it plots near 
the basaltic rock composit ion . lt is therefore deduced that the F-parameters of unit 5 
is too high to classify it as a metasediment. The high quartz content indicates that 
unit 5 either represents a metamorphosed intermediate volcanic rock, or a mafic 
volcanic rock, contaminated by a sedimentary component. 
The temperatures of prograde metamorphism can be bracketed by the following : 
a) The presence of chlorite and actinolite indicates alteration at temperatures 
between 350 and 450°C (Liou et al. , 1974). 
b) The presence of titanite also limits hydrothermal metamorphism to temperatures 
below 600°C at P(fluid) < 3 kbar and QMF buffer (Eithon , 1982). 
4.2 . GRAPHITIC SCHISTS 
The mineral paragenesis chlorite + muscovite + actinolite indicates that the graphitic 
schists experienced greenschist facies metamorphism. 
Organic matter is highly sensitive to metamorphic conditions. The presence of 
graphite is indicative of low-grade metamorphism (Frey, 1987). True graphite is 
formed at 450°C and pressures of 2 to 6 kbar (Landis , 1971 ). Taylor (1971) quotes 
temperatures of about 300oC for graphite formation in rocks which underwent shear. 
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The graphitic schist lenses, interlayered with the greenstones, probably represent 
shales which contained organic carbon ; which were converted to graphitic schists 
during polyphase deformat ion and prograde metamorphism up to the lower 
greenschist facies . 
4.3. DOLOMITE 
During low-grade metamorphism the first reaction in a rock consisting of dolomite 
and quartz (with or without calcite) and containing interstitial water will lead to the 
formation of talc and calcite , according to the equation: 
3 CaMg(C03)2 + 4 Si0 2 + 1 H20 = 1 Mg3[(0H)2/Si401 ol + CaC03 + 3 C02 
(Winkler, 1976) 
XRD ana lysis of a dolomite sample from the Bridgetown dolomite quarry, revealed 
the presence of a sma ll amount of talc . The reaction to form talc occurs from 400°C 
to 490°C where XC02 = 0.35 to 0.9 and Pf = 1 Kb (XC02 = mole fraction of C02 , Pf 
= tota l flu id pressure ; Winkler, 1976). Increasing Pf increases the temperature of the 
formation of talc. The absence of minerals such as tremolite and diopside indicates 
that dolomite of the Bridgetown Formation did not exceed the greenschist facies 
grade. The latter corresponds to the low-grade regional metamorphic event which 
also effected the surrounding Malmesbury beds. 
4.4. CONCLUSION 
The Bridgetown Formation (greenstones and associated rock types) has 
experienced metamorphism up to lower greenschist facies , which corresponds to the 
metamorphic grade of the surrounding metasediments. lt is deduced that the 
Bridgetown Formation and the surrounding Malmesbury beds have been subjected 
to the same regional metamorphic event, probably contemporaneous with the main 
deformation event during which a well-defined, near-vertical foliation with a general 
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5. GEOCHEMISTRY OF THE BRIDGETOWN FORMATION 
As previously stated (section 4.1) the original mineralogy of greenstones of the 
Bridgetown Formation is obscured by metamorphic recrystallization , therefore 
investigation of their pre-metamorphic characteristics has to be based on their 
chemical composition . As a first step the geochemical dataset was statistically 
analyzf!d to test the validity of the mapping and petrographic classification of the 
different greenstone units. The subsequent magmatic and tectonomagmatic 
classification of each unit was done by employing various major and trace element 
diagrams. Relatively immobile elements were employed to exclude the effect of 
metamorphism and alteration on the primary distribution of major and trace elements 
in the greenstones. 
Major and trace element geochemistry of dolomite, chert , graphitic schist and 
muscovite-quartz schist were also investigated to determine their association with 
the greenstones. 
5.1. GREENSTONES 
Eighty-seven fresh greenstone samples, mostly from borehole core , were analyzed 
for major and trace elements by XRF in powdered whole rock samples (Tables 2 and 
3, Appendix) . Sample positions in borehole core are given in Figs. 1, 2 and 3 
(Appendix). Average major and trace element chemistry for each greenstone unit 
are listed in Table 5.1. Most of the greenstone units are represented by more than 
two samples, except for units 2, 5 and 8 which are represented by only two samples. 
These units are either small or highly weathered. Samples were generally taken 
some distance from superimposed veins to remove the influence of quartz and 
calcite veins on the geochemistry of the greenstones. 
5.1.1. DISCRIMINANT ANALYSIS 
Discriminant analysis is a multivariant statistical method to determine how well a 
specific sample identifies with a predetermined group. The purpose of this exercise 
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was to evaluate the geochemical valid ity of the different greenstone units identified 
in chapter 3. 
Canonical variables 1 and 2 were calculated from the chemical composition of 
each sample and plotted on a binary diagram to give a graphical representation of 
the geochemical discrimination among units (Fig. 5.1 ). Discriminant analysis 
revealed only two of the eleven units having samples better suited to other units. In 
unit 6 one of the four samples was grouped with unit 8. In unit 9 one sample was 
grouped with unit 7 and two samples with unit 6 out of a total of twenty-seven 
samples. As illustrated in Fig . 5.1 samples of units 6, 7, 8, and 9 are slightly 
overlapping . The samples were not grouped incorrectly in the first place as 
substantiated by their mineralogical compositions, they rather exempl ify the close 
geochemical similarit ies between units 6, 7, 8 and 9. 
Elements which best discriminate between the different greenstone units are Nb, 
Zr, P, V, Ni , Ti, AI , Sr, Mg, Cr and Mn in decreasing order of importance. According 
to Condie (1981) Nb, Zr, P and V are relatively immobile elements during 
progressive alteration and greenschist facies metamorphism. The discriminant 
analysis therefore confirms the classification of the different greenstone units. 
5.1.2. MAGMATIC CLASSIFICATION 
Chemical classification of the different greenstone units is proposed, because the 
greenstones were metamorphosed to a degree that precluded classification by 
conventional mineralogical systems. 
Generally the greenstone units are characterized by a low Si02 content (34% to 
49%) with mg numbers (1 00 Mg/(Mg + Fe2+)) varying between 41 and 84. Their 
mafic constitution is further depicted by the ir mineralogical content which mostly 
comprises ferro-magnesia minerals. 
Major and trace element compositions of the greenstone units are comparable to 
basaltic compositions. Two diagrams were used to illustrate this . The first diagram 
(Fig. 5.2) is a plot of silica against 'total alkalis' (Na20 + K20) which indicates the 
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Figure 5.1. Discriminant analysis on major and trace 
elements of greenstone units of the Bridgetown Formation. 
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1979). The greenstone units plot mainly in the basaltic field . Units 2 and 7 plot in 
the trachybasalt field due to their high Na20 content (unit 2: 5.09 to 6.2%, unit 7: 
7.12 to 7.69%). Unit 10, the younger intrusive dyke, has the lowest total alkali 
content, probably because it consists mostly of augite. Unit 5 and a few samples of 
unit 1 plot in the andesite field . Not much emphasis will be placed on this diagram, 
because it utilizes major elements which are known to be mobile during metamorphic 
and alteration processes.· A more reliable diagram to classify different magma 
series, is the Zr/Ti02 versus Ce diagram (Fig. 5.3) of Winchester and Floyd (1977) . 
These elements are relative ly immobile during secondary alteration processes and 
greenschist facies metamorphism. Again the greenstones plot extensively in the 
basaltic field . In this case unit 1 plots mainly in the basaltic field , but unit 5 remains 
in the andesite field . 
The next step is to determine whether these basaltic rocks are subalkaline or 
alkaline. According to Wilkinson (1986) the appearance of normative quartz or 
nepheline indicates either subalkal ine or alkaline characteristics respectively. In 
Table 5 (Appendix) norm calculations are expressed as CIPW norms. The units 
wh ich are mainly nepheline-normative, are units 2, 3, 4, 6 and 7. In the total alkali 
versus silica diagram (Fig. 5.4) of lrvine and Barager (1971) the nepheline-normative 
units plot mostly in the alkaline field . The subalkaline field includes units 1, 5, 9, 10 
and 11 . Another diagram, proposed by lrvine and Barager ( 1971 ), to distinguish 
between alkaline and subalkaline basaltic rocks is the 01'-Ne'-Q' diagram (Fig. 5.5). 
The contents of a clinopyroxene-olivine-nepheline-quartz tetrahedron are projected 
from clinopyroxene onto the basal triangle 01'-Ne'-Q' . Using the cation norm the 
coordinates of the ternary diagram become: 
Ne'= nepheline + 1/5 * albite 
Q' = quartz + 2/5 *a I bite + 1/4 * orthopyroxene 
01'= olivine + 3/4 * orthopyroxene 
The same tendency is found in this diagram with units 1, 5, 8, 9, 1 0 and 11 plotting 
mostly in the subalkaline field and units 2, 3, 4, 6 and 7 in the alkaline field . 
Winchester and Floyd (1977) proposed a few graphical representations of 
immobile element concentrations in volcanic rocks to distinguish between alkaline 
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Figure 5.2. Plot of total alkalis versus silica for 
greenstone units of the Bridgetown Formation which indicates 
the nomemclature of normal (i.e. non-potassic) volcanic 
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Figure 5.4. Alkalis-s i lica plot of greenstone unit s of the 
Bridgetown Formation. The solid curve is the line chosen by 
Irvine and Barager (1971) for making a general distinction 
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Figure 5.5. Ol'-Ne'-Q' projections (Irvine and Barager, 
1971) of greenstone units of the Bridgetown Formation. 
Plots are in % cation equivalents based on the cation norm. 
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and subalkaline basaltic rocks where metamorphism or alteration has obscured the 
original composition. The following diagrams were used: a) Si02 versus Zr/Ti02 
(Fig. 5.6 A), b) Si02 versus Nb/Y (Fig. 5.6 B), c) Zr/Ti02 versus Nb/Y (Fig. 5.6 C) 
and d) Ga/Sc versus Nb!Y (Fig. 5.6 D) . The Zr/Ti02 and Nb!Y ratios reflect the 
strong concentration of Zr and Nb in alkaline rocks. 
These trace element diagrams classify units 7, 9 and 10 (the dyke) as subalkaline 
basaltic rocks and the other units as mostly alkaline. The trace element diagrams of 
Winchester and Floyd do not correspond entirely with above mentioned 
alkaline/subalkaline diagrams of lrvine and Barager (1971 ), because those diagrams 
are strongly dependant on the Na20 content which was highly sensitive to changes 
imposed by alterat ion and metamorphism. This is especially evident in unit 7 where 
albitization was respons ible for the high Na20 content (5.09 to 6.20%) and very low 
K-content (0.28 to 0.33%). 
Alkaline/subalkaline classification of the greenstone units will therefore be based 
on their relatively immobile trace element content, thus depicting units 7, 9 and 10 as 
subalkaline and units 1, 2, 3, 4, 5, 6, 8 and 11 as alkaline. 
Tholeiitic and calc-alkali basalt series are defined on the basis of the AFM diagram 
(lrvine and Barager, 1971 ). In Fig . 5.7 a tholeiitic trend is observed for the 
subalkaline units (7, 9 and 1 0) . The alkaline units were also included in this diagram 
to illustrate the general depletion in Na20 + K20 in most units. Another chemical 
difference between calc-alkali and tholeiitic series is their alumina content 
(Wilkinson, 1986). Calc-alkaline basalts are generally high-alumina types containing 
16 to 20% AI203, whereas their tholeiitic counterparts have only 12 to 16%. 
Green stone units 7, 9 and 1 0 have alumina contents which vary between 9.48 and 
16.32%, thus classifying them as low-alumina tholeiitic basalts. 
Further division of both the alkaline and subalkaline units into K-poor, "average" and 
K-rich types can be made by means of an An-Ab'-Or projection (Fig. 5.8, lrvine and 
Barager, 1971 ). Plots are based on the cation norm and the coordinates of the 
ternary diagram are: 
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Figure 5. 8. An-Ab' -Or projections of greens tone units for 
distinguishing K-poor, "common" and K-rich variants (Irvine 
and Barager, 1971). Plots are in % cation equivalents. 
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Ab' = albite + 5/3 * nephel ine 
Or = orthoclase 
-l 7 
A shortcoming of the diagram is that normative plagioclase composition is strongly 
dependent on Na20 and thus may be fairly sensitive to changes imposed by 
alteration or metamorphism. This is illustrated in Fig. 5.8 where different plots from 
the same unit are scattered between anorthite and orthoclase. Still , it can be seen 
that units 5, 10 (the dyke) and 11 are predominantly potassium-rich and that units 2 
and 7 are sod ic. 
The possibility that the basalt ic units may be members of a komatiitic suite has to be 
considered. The pyroxenit ic and basa ltic members of a komatiitic· suite appear to be 
the result of fractional crystallizat ion of a more magnesian komatiite liqu id. Naldrett 
and Cabri (1976) po inted out that komatiites can be distinguished from tholeiites by 
plotting AI203 aga inst the FeO/(FeO + MgO) content of the rock, in which total iron 
is calculated as FeO. In Fig. 5.9. this is done for the greenstone units. Most units 
plot in the komatiitic field above the sloping line, except for units 2 and 11 . Another 
distinguishing feature is the relatively low Ti02 content of komatiites with respect to 
tholeiites (Naldrett and Cabri , 1976). This is illustrated in a Ti02-MgO plot (Fig . 
5.1 0) where all the green stone units plot in the tholei itic field , except for the younger 
intrusive dyke (unit 1 0) which plots in the komatiitic field. Naldrett and Cabri (1976) 
demonstrated that basaltic komatiites are characterized by high contents of Ni (1 00 
to 181 ppm) and Cr203 (21 0 to 800 ppm) compared to "normal" tholeiitic basalts. 
Greenstone units of the Bridgetown Formation have very high Cr (137 to 1232 ppm, 
average 521 ppm) and Ni (45.89 to 621 .19 ppm, average 268 ppm) contents. The 
younger intrusive dyke has exceptionally high Cr203 (890 to 1437 ppm) and Ni (452 
to 887 ppm) contents. The chemical discriminatory methods outlined above, can 
however not be regarded as conclusive evidence for a komatiitic composition. In 
addition to the chemical criteria, field criteria must also be considered. Field criteria 
for komatiitic magmatism include 1) the presence of extrusive rocks within an 
igneous suite 2) the presence of olivine-rich rocks within the suite, and 3) the 
presence of spinifex textures (Naldrett and Cabri, 1976). Although spinifex textures 
are absent in greenstones of the Bridgetown Formation, extrusive rocks (unit 1, a 
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Figure 5.9. Variation of Al 2o 3 with FeO/ (FeO + MgO) weight percent ratio in the greenstone units. Note that to t al Fe 









• komatiitic I I I 
0 -·---- ------ ----- -
0 5 10 15 20 
MgO (wt%) 





-~ 0 50 ! 
N 40 
• 
..... '- /':.. .. ... 
• q_ ' ;( .• . '. . "-' ·. /·, X) j I 
, " , • . .... ~. ' • . '>- • - (v + r 
Ll . ~ .,, ' '·> ' v., . '· 
,1') 




(/) 30 low-Mg basalts ,, 
.-, 
high-Mg basalts 
20 L -----'--------- -- ·-
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waterlain tuff) are present as well as an olivine-rich unit, unit 10 (the dyke) with 20 to 
36% normative olivine (Table 5, Appendix). it is thus concluded that the 
greenstones of the Bridgetown Formation, or at least some of the units (especially 
unit 1 0) can be related to komatiitic magmatism. 
Greenstones of the Bridgetown Formation can also be divided into low-Mg basalts 
and high-Mg basalts according to a Si02-MgO diagram of Redman and Keays 
(1985) . In Fig. 5.11 the high-Mg basalts include units 4, 5, 6, 8, 9 and 10 (the dyke) 
as well as a few samples of unit 3. 
In summary, greenstones of the Bridgetown Formation include alkaline (units 1, 2, 3, 
4, 5, 6, 8 and 11) and subalkaline (units 7, 9 and 10, the dyke) metabasalts. The 
subalkaline metabasalts classify as low-alumina tholeiitic metabasalts . Both the 
alkaline and subalkaline metabasalts include high-Mg (units 4, 5, 6, 8, 9 and 1 0) and 
low-Mg (units 1, 2, 3, 7 and 11) rocks . Most of the greenstone units, except for the 
low-Mg alkaline units (1 , 2, 3 and 11) have geochemical characteristics which might 
indicate komatiitic magmatism. 
5.1.3. TECTONOMAGMATIC CLASSIFICATION 
Discrimination diagrams based upon incompatible and geochemically immobile 
elements have been an important tool in determining the tectonomagmatic 
environment of basaltic rocks . Although their use may be questionable due to the 
evolution of the crust and mantle through geological time, such discriminants are 
useful indicators of possible environments of origin for enigmatic rocks. 
Three ternary diagrams were used to determine if the different greenstone units 
are from the same plate-tectonic environment and to identify their petrotectonic 
origin. They include the Ti/1 00 - Zr - Y*3 diagram of Pearce and Cann (1973) , the 
Nb*2 - Zr/4 - Y diagram of Meschede (1986) and the Ti02 - Mn0*1 0 - P205*1 0 
diagram of Mullen (1983). The elements used as discriminants are virtually 
immobile during low-temperature alteration and relatively immobile at metamorphic 
grades up to the greenschist facies. 
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The Ti/1 00 - Zr - Y*3 diagram (Fig. 5.12) discriminates between "within-plate" 
basalts, ocean-floor basalts , low-potassium tholeiites and calc-alkali basalts (Pearce 
and Cann, 1973). Unfortunate ly th is diagram does not distinguish chemically 
between ocean island and cont inental basalts with the result that these are treated 
as "within-plate basalts". The greenstone units plot predominantly in the within-plate 
field , exce•)t for units 7, 9 and 10 which plot in the ocean-floor basa lt fie ld. 
The Nb*2 - Zr/4 - Y diagram (Fig . 5.13) of Meschede (1986) distinguishes between 
different types of mid-ocean ridge basa lts ("MORB", including ''N-type MORB" from 
normal mid-ocean ridges and "P-type MORB", from plume-influenced reg ions), 
within-plate tholeiites (WPT) and wi thin-plate alkali basalts (WPA). Volcan ic arc 
basalts plot within both WPT and N-type MORB fields and thus cannot be 
distinguished from these types. The Bridgetown greenstones plot mostly in the 
within-plate fie ld, except for units 7, 9 and 10 which plot in the P-type MORB fie ld. 
The same tendency is found with the Nb/8 - Y/15 - La/1 0 .geotecton ic diagram of 
Cabanis and Lecolle (1989) where the Bridgetown greenstones plot mainly in the 
non orogenic alkaline basalt fie ld, except for units 7, 9 and 10 wh ich plot in the P-
type MORB field . Unit 5 plot separately in the late to post orogenic f ield. 
From the diagrams of Pearce and Cann, Meschede, and Cabanis and Lecolle it is 
concluded that the subalkaline tholei itic units (7 , 9 and 10, the dyke) are from 
oceanic environments. This does not exclude the possibility that the units with 
within-plate characteristics might be ocean island basalts. A useful diagram to 
distinguish between different oceanic tectonic environments, is the Mn*1 0 - Ti02 -
P20s*1 0 diagram (Fig. 5.14) of Mull en (1983). This ternary plot discriminates 
between the following plate tectonic and petrogenetic environments of volcanic rocks 
with basaltic to basalt ic-andesite composition : mid-ocean ridge (MORB), island arc 
tholeiite (IAT), calc-alkaline arc (CAB), ocean island tholeiite (OIT) , and ocean island 
alkaline (OIA) . In Fig . 5.14. unit 10 (the younger dyke) plots in the island arc 
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the ocean island fields. Units 7 and 8 plot both in the MORB as well as the OIT 
fields. 
So far the elements Ti, Zr, Y, Nb, P and Mn were used to discriminate between 
different tectonic environments. A different appro9ch is to compare the incompatible 
element content of the greenstone units with the incompatible element content of 
' 
selected mafic lavas. This was done by· normalizing the incompatible element 
content of each greenstone unit, an average N-type MORB, E-type MORB (which is 
equivalent to the N-type MORB) and ocean-island basalt (OIB) to a primit ive mantle 
composition (Fig. 5.1 5) . Average compositions of selected mafic lavas were taken 
from Sun and McDonough (1989) . Normalized data and normalizing factors are 
listed in Table 6 (Appendix). The elements have been arranged in order of 
increasing calculated bulk partition coefficient (D) for mantle mineralogies (Wood, 
1979). Generally mid-ocean ridge basalts are depleted in incompatible elements 
relative to ocean ic island and continental basalts. E-type MORB are less depleted in 
incompatible elements than N-type MORB. N-type MORB have a progressive 
depletion of the incompatible elements with decreasing D relative to the prim it ive 
mantle (Wood, 1979). In contrast , the E-type MORB show progressive enrichment 
of the elements from Y to Nb and then depletion from Nb to Rb. 
Three alkaline greenstone units (1 , 4 and 11) coincide broadly with the ocean island 
basalt composition (Fig . 5.15 A, B and C). The negative K, Sr and Rb anomalies 
(relative to OIB) could be attributed to depletion of these relatively mobile elements 
during alteration or metamorphism. Units 1, 4 and 11 are enriched in Th ± U relative 
to the 018 composition which probably indicate crusta! contamination. 
The three subalkaline units (7, 9 and 1 0) have similar hyg-element profiles (Fig . 5.15 
D, E and F) . They are selectively enriched in incompatible elements of low ionic 
potential (Sr, K, Rb, Ba, Th) with low abundances of elements of high ionic potential 
(Ce, P, Zr, Ti and Y) relative to N-type MORB, which is distinctive of island arc 
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Alkaline units 3, 5, 6 and 8 have a 'spiked' hyg-element pattern (Fig. 5.15 G, H, I and 
J) . Marked spikes occur at U, ± Nb and Ce and their Nd-P-Zr-Ti patterns are 
intermediate between OIB and MORB. They are also depleted in Y and Se relative 
to MORB and enriched in U relative to OIB. Although these patterns differ 
considerably, they show characteristics similar to those found in other intraplate 
environments (Ewart and Chappell , 1989). 
The hyg-element pattern of unit 2 differ considerably from the other greenstone units 
(Fig. 5.15 K). lt has Th , U, Nb, La, Ce and Zr values comparable to those of OIB 
and is depleted in mobile elements (Ba, Rb, K and Sr) relative to OIB with a 
distinctively high P, Ti and Y content. 
In conclusion alkaline greenstone units have predominantly within-plate 
characteristics. Incompatible element compositions of units 1, 4 and 11 ind icate a 
possible ocean-island basalt tectonic environment. Subalkal ine units 7, 9 and 10 
(the younger intrusive dyke) have P-type MORB and island arc basalt 
characteristics. 
5.1.4. MAGMA EVOLUTION 
In this section emphasis is placed on the role of partial melting, differentiation and 
fractional crystallization in determining the observed geochemical patterns for the 
greenstone units. 
Various variation diagrams, plotted in terms of major elements, trace elements and 
Pearce element ratios were used to determine element relationships in order to 
model magma evolution. 
5.1.4.1. DIFFERENTIATION INDEX 
In order to detect compositional variations due to igneous differentiation in 
greenstone units of the Bridgetown Formation, it is important to select a 
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differentiation index which reflects only igneous variations , rather than those due to 
metamorphic or alteration processes. 
The alkali- and silica-dependent indices were considered inappropriate due to the 
high mobility of Na20, K20 and silica in the greenstone units. Mg-values 
(1 00Mg/(Mg+Fe2+)) , calculated from atomic ratios, were used instead to illustrate 
differentiation from primitive to more evolved compositions. Mg-values for the 
different greenstone units are listed in Table 5.2. The greenstone units generally 
have high mg-values of approximately 70 to 84, except for unit 1 (mg-values: 49 to 
63) , unit 2 (mg-values: 41.4 to 41 .9), unit 5 (mg-value: 67.8 to 68.3) and unit 11 (mg-
value: 57 to 69) . According to Wilson (1988) primary magmas in equi li brium with 
typical upper mantle mineralogies (olivine + orthopyroxene + clinopyroxene ±garnet 
± spine!) should have mg-values greater than 70, high Ni (>400 ppm) , high Cr 
(>1 000 pp m) and Si02 not exceeding 50%. The on ly unit which measures up to 
these criteria is the younger intrusive dyke (un it 1 0) which has mg-values of 76 to 
84, Cr content of 890 to 1437 ppm, Ni content of 451 .6 to 886.6 ppm and Si02 
content of 40 to 45%. Although units 3, 4, 6, 7, 8 and 9 have very high mg-values, 
they should not be considered as primary magmas, but rather as basaltic magmas 
which have undergone little differentiation. The more evolved greenstone units 
include units 1, 2, 5, and 11 . 
5.1.4.2. FACTOR ANALYSES 
A statistical approach was adopted to evaluate the relationships between elements 
within a greenstone unit. Factor analysis , which is a multivariant statistical method, 
was done on the major an trace element chemistry of each unit to determine to which 
degree certain factors influenced the variance of certain elements within a unit. 
Units 2, 5 and 8 was omitted due to an insufficient number of samples. 
From the factor analyses it is clear that the chemistry of each unit was influenced 
by various factors. At least one of the following three factors were recognized in 
each unit: 
Factor 1: This factor influenced the variance of the transition elements (Ni, Cr, V, Fe 
and Se) as well as Mg to a great extent. This is probably related to olivine and/or 
Stellenbosch University http://scholar.sun.ac.za
Table 5.2 
Mg-values of the Bridgetown greenstone units . 
unit sample mg-value 
1 NS3 60.35 
1 NS6 59.03 
1 NS7 62 .84 
1 NS21 54.49 
1 NS24 55.94 
1 NS28 51 .08 
1 NS31 48.98 
1 NS195 52 .89 
2 NS10 41 .92 
2 NS13 41.42 
3 NS36 76.16 
3 NS37 74.13 
3 NS39 73.25 
3 NS41 71 .74 
3 NS44 72.32 
3 NS46 72.00 
3 NS196 73.43 
4 NS173 74.46 
4 NS175 76.19 
4 NS176 75.34 
4 NS178 73.33 
· 4 NS181 75.13 
4 NS182 64.40 
4 NS183 65.87 
4 NS184 76.77 
4 NS185 71 .55 
4 NS187 71 .20 
4 NS188 77.41 
4 NS190 69.99 
4 NS191 78.12 
5 NS49 67.83 
5 NS197 68.32 
6 NS57 79.90 
6 NS60 80.35 
6 NS72 84.60 
6 NS76.2 84.42 
7 NS64 79.38 
7 NS69 77.16 
7 NS198 78.44 
8 NS74 82 .25 
8 NS76 .1 84.47 
9 NS147 79 .22 
9 NS80 83.00 
9 NS82 92 .37 
9 NS86 82.59 
9 NS90 83.04 
9 NS92 82.81 
9 NS93 82.42 
9 NS96 83.63 
9 NS97 84 .19 
9 NS98 81 .21 
9 NS100 83.66 
9 NS102 83.43 
9 NS103 81.67 
9 NS107 97.77 
9 NS109 78.16 
9 NS112 79.34 
9 NS115 77.42 
9 NS121 80.60 
9 NS142 81.30 
9 NS149 78.35 
9 NS151 72 .35 
9 NS152 70.99 
9 NS154 66.11 
9 NS157 71 .61 
9 NS161 70.85 
9 NS193 83.85 
9 NS194 82.47 
10 NS123 76.17 
10 NS124 76.37 
10 NS126 80.69 
10 NS127 84.00 
10 NS128 82 .08 
10 NS129 81.03 
10 NS130 81.43 
10 NS132 78.31 
10 NS134 79.00 
10 NS135 78.61 
10 NS136 78.35 
10 NS138 77.43 
10 NS140 77.92 
1 ( NSF/2.5 56.00 
11 NSF/2.6 57.05 
11 NSF/2 .7 53.53 
11 NSF/2.8 54 .53 
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pyroxene fractionat ion during differentiation. Factor 1 was recogn ized in units 1, 7, 
10 and 11 . 
Factor 2: The variance of incompatible elements such as Nd, Y, Zr, Nb, Ce, P and Ti 
were determined by factor 2. Factor 2 probably represents incompatible element 
behaviour during partial melting and differentiation. This factor was recognized in 
units 1, 3, 9 and 1 0. 
Factor 3: Factor 3 probably represents a metamorphic or alteration event, bec:3use it 
influenced the variance of all the rela ti vely mobile elements such as Ca, Sr, Na, K, 
Ba and Rb. 
Although identification of the different factors are not always successful , it does 
however indicate the relationship between elements (if they show any correlation or 
not) which supplied a firm bas is to interpret variation diagrams. 
5.1.4.3. BINARY VARIATION DIAGRAMS 
K20, Na20. Ba, Rb, Sr and Ca were plotted against Si02 to illustrate the ir scattered 
variation within the units (Fig. 5.16). it is concluded that these elements, including 
Si02, have suffered some degree of mobilization, probably during prograde 
metamorphism or alteration processes or both. These events obscure the primary 
igneous variations of these elements to a great extent. 
Fortunately metamorphic and alteration processes had little effect on the variation of 
Nb, Zr, P, Ti , V and Y. They are relat ively immobile elements during low-
temperature alteration and metamorphic grades up to the greenschist facies 
(Condie, 1981 ). In plots against Si02 (Fig. 5.17), they show little scatter within most 
units. Scattering is more observable in units 1 and 4 which were probably subjected 
to more severe metamorphic or alteration processes than the other units. This might 
be related to shearing events which were recognized in borehole core and thin 
sections (section 3.2.1 (vii), unit 1; section 3.2.1 (v) , unit 4). The incompatible nature 
of these elements is illustrated by their relatively constant values with Si02 variation 
within a unit. They are also good discriminants between the units as previously 
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Correlations between elements, identified in factor analyses, are investigated in this 
section by plotting binary diagrams in terms of major and trace elements. 
Positive correlations are observed between Ni , Cr and MgO (Fig. 5.18). These 
correlations are not present within every unit due to scattered variation within certain 
units, but a general positive correlation is still discernable. This might be interpreted 
as olivine and/or pyroxene fractionation during differentiation. Unit 10 (the dyke) has 
the highest Ni , Cr and MgO content. These elements show little scattering and a 
-positive linear trend with in unit 10 indicates internal fractionation and differentiation . 
The dyke, which is younger than the other greenstone units, was subjected to a 
lower degree of alteration, consequently preserving the primary igneous relations of 
Ni , Cr and Mg. The dyke is the only unit which contains primary igneous minerals 
(augite) which were not completely altered. 
Posit ive correlations are also observed between the incompatible elements Nb, Zr, 
P, Y, Ce and Ti (Fig 5.19)_ 
Correlations clearly exist between P205 and Ce for most units which can be 
interpreted as monazite fract ionation (Fig. 5_19 A) . Units 9, 8, 7, 6, 5, 4, 3 and 11 
plot on the same regression line which probably indicates similar fractionation paths 
for these two elements_ Unit 2 plots way above this path due to its exceptionally 
high P205 content (1 .96 to 2.10%)_ 
Collinear relationships are observed when plotting P205, Nb, Zr and Ti02 against 
each other. In the P205-Nb diagram (Fig. 5.19 B) , all the units except units 5 and 2 
plot on the same linear trend. In the P205-Zr diagram (Fig. 5.1 9 C) a linear trend is 
defined by units 10, 9, 8, 7, 6, 4 and 3. In Fig. 5.19 D, Zr and Nb also correlate on a 
a well-defined trend which includes units 10, 9, 8, 7, 6 and 3. P205, Nb and Zr also 
show a col linear relation with Ti for units 10, 9, 8, 7, 6, 3, ±1 (Fig. 5.20) . Although 
units 1 and 4 usually plot above or below the various linear trends , it should be taken 
into account that Nb, Zr, P205 and Ti were more mobile in these two units than in 
the other units·. lt can therefore be concluded that units 3, 6, 7, 8, 9, 10, 11 :t 1 and 
4 followed a similar fractionation path for the incompatible elements P205, Zr, Nb 
and Ti. These elements are probably mineralogically related, occurring together in 
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ilmenite, zircon and titanite (Wedepohl , 1987b) explaining the Nb-Zr-Ti relationship . 
Titanite was petrographically recognized in all these units. llmenite is present in 
units 1, 3, 10 and 11. Although zircon was not petrographically identified in any of 
these units , it is assumed that it occurs as cryptocrystalline grains in units 1, 3, 4, 6, 
8 and 11, as indicated by their high whole rock zirconia contents (1 08 to 270 ppm). 
Some units show positive correlations of Y with Nb, Zr, P205 and Ti (Fig . 5.21 ). 
Yttrium and Nb are commonly present in· zircon and titanite (Deer et al., 1992) which 
explains the Y-Nb-Zr-Ti relationship. The Y-P205 relationship may be interpreted 
as xenotime fractionation, although xenotime has not been recognized in any of 
these units. 
The more evolved units have higher P205, Ce, Nb, Zr, Y and Ti contents than the 
more primary magmas. This is due to the incompatible nature of these elements 
which tend to concentrate in the more evolved magmas. 
The fact that alkaline units 3, 6, 8, 11 ± 1 and 4, and subalkaline thole iitic units 7, 9 
and 10 followed similar fractionation paths for the elements Nb, Zr, Y, Ti and P may 
indicate that the alkaline and subalkaline units originated from the same source 
material. I to and Kennedy ( 197 4) found that by varying the cond itions of melting, 
either a tholeiitic or an alkali basalt could be produced. For instance, the in itial 
melting product of a spinel-lherzolite is a tholeiitic melt (such as units 7 and 9) at low 
pressures (<15kbars); an alkali basaltic melt (such as units 1, 3, 4, 6, 8 and 11) at 
higher pressures; and a high degree of partial melting will give rise to a liquid of 
picritic or komatiitic composition such as unit 10, the dyke (Takahashi and Kushiro, 
1983). Similarly Jaques and Green (1980) found that melting of spinel-peridotite at 
15 kbars gave alkali olivine basalt melt at <15% melting, olivine-tholeiite at 20 to 
30% melting, and picritic to komatiitic liquid at 40 to 60% melting. 
5.1.4.4. PEARCE ELEMENT RATIO DIAGRAMS 
The major shortcoming of binary variation diagrams is that magmatic systems are 
complex with more than two variables, requiring multidimensional representation . 
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magmatic system, a simple transformation of the compositional data can be used to 
reveal the exact relationships between the nonconserved elements. This 
transformation is done by calculating Pearce element ratios from the element 
numbers (e1 ), where 
e· -(W·*A)/M-1- I I I 
and Wi, Ai and Mi are the weight percent, cation number and molecular weight of the 
oxide i. The corresponding Pearce element ratio is 
The subscript z refers to the conserved element. 
Pearce element ratios can be used to test hypotheses concerning igneous 
differentiation processes. it can be employed to recognize cogenetic rock analyses, 
the minerals involved in differentiation and the compositional proportions of the 
involved phases. 
To investigate differentiation processes based upon measured lava compositions, 
implies that samples are of a single magmatic lineage. Pearce element ratios , 
constructed from conserved constituents, can be used to test this premise (Nicholls, 
1988). Stanley and Russell (1989) suggested that K, Ti and P are usually not 
involved in the early crystallization of basaltic magmas. Due to the fact that K was 
relatively mobile in the greenstones during metamorphic and alteration processes, Y 
and Nb will be used alternatively as common denominators. In plots of Y and Nb 
against Si02 (Fig . 5.17 F and 5.17 A) it can be seen that both elements are 
relatively constant with Si02 variation within a specific unit. Yttrium also shows little 
variation between units. This leads to the assumption that Y, and to a lesser extent 
Nb, were not involved in early crystallization processes of the basalts. If true, PlY, 
Ti/Y, P/Nb and Ti/Nb should be single-valued for all related basaltic lavas. 
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Fig 5.22 A is a PlY versus Ti/Y plot for greenstone units of the Bridgetown 
Formation. Basalts derived from the same magma should plot around a single point. 
Units 1, 2, 4 and 5 plot as separate groups. Overlapping is found between units 7, 9 
and 1 0; units 3 and 11; and units 6 and 8. 
The same tendency is found in the P/Nb versus Ti/Nb diagram (Fig 5.22 B) . Again 
units 1, 2 , 4 and 5 plot as separate groups with overlapping between units 3 and 11 , 
and units 6 and 8. The only difference is that overlapping between units 7, 9 and 1 0 
is minimal. Grouping of units 6 and 8 as the same magmatic lineage, is supported 
by the occurrence of unit 8 as small bands within unit 6. 
The dispersion in Ti/Y and Ti/Nb data, especially for units 1 and 4, implies that Ti 
was either mobile within these units or that Ti was not conserved totally , perhaps 
because of subst itution into clinopyroxene or oxides. it is already known that the 
incompatible elements within units 1 and 4 show some degree of mobil ity, therefore 
dispersion of Ti/Y and Ti/Nb data within these units are main ly ascribed to 
metamorphic and/or alteration processes. 
Consequently it is deduced that greenstone units 1 to 11 are related to a maximum 
of 9 magmatic lineages (Fig 5.22 B) and a minimum of 7 magmatic lineages (Fig 
5.22 A) . 
Molemineral indices, as g1ven by Stanley and Russell (1989) , could not be 
transformed into Pearce ratios in order to determine the minerals involved in 
differentiation, due to the high mobility of K, Na, Ca and Si in the greenstones. 
However, all the previous mentioned correlations (Fig. 5.18, 5.19, 5.20 and 5.21) 
were reconfirmed , by converting the elements into Pearce ratios and thereby 
excluding the closure problem. 
5.1.4 .5. RARE EARTH ELEMENT GEOCHEMISTRY 
Twenty seven greenstone samples (Table 4, Appendix) were chosen for REE-
analysis. Each greenstone unit is represented by two or more samples , except for 
unit 8 which is represented by one sample. Samples were analyzed by ICP-AES 
which is discussed under analytical methods in the appendix. Average REE values 
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for each unit were normalized to the chondrite values recommended by Henderson 
(1984, Table 4) . 
REE profiles for each greenstone unit are presented in Figures 5.23. and 5.24. REE 
patterns for most units are subparallel, except for units 1, 3 and 5 which were plotted 
on a separate diagram (Fig. 5.24). 
All the REE-profiles are HREE-depleted with approximately 4 to 54 times chondrite 
for HREE's and 7 to 154 times chondrite for LREE's. Units with the highest mg-
values tend to have the lowest total REE concentrations. For instance, unit 2 has 
the highest total REE content and the lowest average mg-value of 41 .7, whereas unit 
10 has the lowest total REE content and the highest average mg-value of 79. Also, 
the subalkaline units (7 , 9 and 1 0) have a lower total REE content than the alkaline 
units (1 , 2, 3, 4, 5, 6, 8 and 11 ). Eu anomalies are small to almost absent with 
(EuN/Eu*)-1 ratios (Eu* = smN/2 + GdN/2) ranging from -0.3 (unit 5) to 0.03 (unit 2) . 
Units 6, 7, 8 and 9 have very similar total REE concentrations , LREE slopes 
(La/Sm = 1. 7 to 2.1 ), HREE slopes (La/Yb = 3.4 to 6.8) as well as mg-values (Table 
5.2) . Units 6, 7 and 8 occur in contact with each other in borehole BW2 (Site B) , and 
adjacent to unit 9 (Fig. 3.3) . 
In Figure 5.24. it is evident that the REE profile of units 5 and 1 differ slightly from 
the other profiles. Unit 5 is the only profile with a negative slope between La and 
Nd. Unit 1 on the other hand has the highest La/Sm value ( 4.2) of all the greenstone 
units. 
Three major factors control the distribution of REE's in igneous rocks: the 
composition of the source; the degree and conditions of partial melting of the source; 
and fractional crystallization (Henderson, 1984). The LREE-enriched pattern of the 
greenstone units could be the result of various factors such as a LREE-enriched 
source, fractionation involving garnet (garnet has high partition coefficients for the 
HREE) and concentration of LREE in minerals such as titanite, allanite, apatite and 
monazite (Henderson, 1984 ). Titanite is relatively abundant in the Bridgetown 
greenstones. Very small to almost absent Eu anomalies indicate that removal of 
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negative correlation of total REE content and mg-value indicates that an increase in 
REE concentration occurs with differentiation. 
LREE-enriched patterns for basaltic rocks are found in various tectonomagmatic 
environments. Although it is not possible to define a specific tectonic environment 
on account of a LREE-enriched pattern, a few tectonomagmatic environments can 
be eliminated, being characterized by LREE-depleted to flat patterns. They include 
N-type mid-ocean ridge basalts and ocean plateau volcanics (Henderson, 1984 ). 
In conclusion, REE-profiles of the alka li ne and subalkal ine magmas show some 
similarit ies: 
i) both are LREE-enriched, 
ii) both have small to almost absent Eu anomal ies, and 
iii) their LREE and HREE slopes do not differ much (exclud ing units 1, 3 and 5) . 
This supports the theory that the alkaline and subalkal ine magmas originated from 
the same source material. The source material was probably LREE-enriched. 
During partial melting of a LREE-enriched source, incompatible elements (including 
REEs) will be highly enriched in initial melt fractions wh ich are usually silica-
undersaturated (e.g. alkali basalts) , compared with products of a higher degree of 
melting (e .g. tholeiitic basa lts; Hall, 1987). Pearce element ratio diagrams (Fig 5.22) 
indicated that the different units are not necessarily from the same magmatic 
lineage. Unit 10, the younger dyke, is the product of a high degree of partial melting 
of the same source material , already depleted in REEs. 
5.1.5. DISCUSSION 
A geochemical investigation of the greenstones confirmed the existence of different 
greenstone units within the Bridgetown Formation. Although the greenstone units 
vary considerably in composition, two major magma types were identified: 
a) an alkaline magma (units 1, (2) , 3, 4, 5, 6, 8 and 11 ), and 
b) a subalkaline tholeiitic magma (units 7, 9 and 1 0). 
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Geochemically the units belonging to the alkaline magma classify as basaltic, except 
for unit 5 which classifies as andesitic. The alkaline units have chemistries similar to 
within-plate basaltic rocks . The incompatible element composition of units 1, 4 and 
11 coincides broadly with an ocean island basalt composition . The alkaline units 
include poorly differentiated magmas with high mg-values (units 3, 4, 6 and 8) as 
well as more evolved magmas with relatively low mg-values (units 1, 5 and 11 ). 
Conserved Pearce element ratio plots indicated that units 3 and 11 ; and units 6 and 
8 are comagmatic. Unit 11 is probably a differentiation product of unit 3. Grouping 
of units 6 and 8 into one unit is supported by similar REE patterns, overlapping 
between the units in discriminant analyses, and the occurrence of un it 8 as small 
bands within unit 6. 
Unit 5 differs geochemically and mineralogically (section 3.2.1.(x)) from the other 
alkaline units. Its compos ition is andesitic and not basaltic; its REE profile differs 
from the other units having a negative La/Nd slope; and in binary element variation 
diagrams it seldom exhibits collinear relationships with the other units. Unit 5 
represents either a metamorphosed intermediate volcanic rock or a mafic 
metavolcanic rock, contaminated by a sedimentary component. The possibility of 
unit 5 being a pure metasedimentary unit is excluded on account of its high MgO 
(11 ,26%), Ni (284,69 ppm) and Cr (721 ,88 ppm) content. 
Unit 2 also exhibits few geochemical similarities with the other alkaline units. it 
has a much higher Na20 (5.64%) , P205 (2 .03%), Ti02 (4.82%), Y (51 , 19 ppm) and 
total REE content, and is depleted in Ni (a mere 5,1 ppm) and Cr (39,34 ppm) 
relative to the other alkaline units. In binary element variation diagrams it seldom 
exhibits collinear relationships with the other greenstone units. Although high Na20 
and P205 values, and low Ni and Cr values are often found in nephelenites and 
basanites, classification diagrams of Winchester and Floyd (1977; Figs. 5.3 and 
5.6), based on the Zr, Ti02, Ce, Y and Nb contents of unit 2, indicate that unit 2 
does not have a nephelenitic or basanitic composition. lt is therefore concluded that 
unit 2 is a metasedimentary unit. The high Na20 content indicates a marine origin. 
According to Wedepohl (1987a) the Na20 content of argillaceous marine sediments 
can be as high as 6,9%. On an ACF diagram, with fields of various magmatic and 
sedimentary rocks indicated (see Fig. 4.4, section 4.1 ), unit 2 plots on the boundary 
Stellenbosch University http://scholar.sun.ac.za
6 1 
between basaltic rocks and graywackes. This suggests that unit 2 may also 
comprise a mafic volcanic component (such as thin mafic tuff layers). 
The subalkaline units (7, 9 and 1 0) classify as low-alumina tholeiitic basalts with 
ocean-floor basalt (P-type MORB) and island arc basalt characteristics. Their high 
mg-values (78 to 80) indicate that they have undergone little differentiation. 
Unit 10, the younger intrusive dyke, is characterized by a very high Ni , Cr and 
MgO content, coupled with very low concentrations of Ti , Zr, Y and REE. 
A common source material for the alkaline and subalkaline units is supported by the 
following : 
a) The alkaline and subalkaline units (excluding units 2 and 5) followed similar 
fractionation paths for the incompatible elements Nb, Zr, Y, Ti and P. These 
elements exhibit collinear relationships and all the units (except units 2 and 5) plot 
on the same linear trend. 
b) The alkaline and subalkaline units have similar REE profiles. In both cases REE 
profiles are LREE-enriched with very small to almost absent Eu anomalies; and with 
similar LREE and HREE slopes. 
By varying the conditions of melting , both tholeiitic and alkali basalts can be 
produced from the same source material (Hall , 1987). Alkaline units 3, 4 and 6(=8) 
were formed at high pressures (>15kbars) or low degrees of partial melting (3 to 
7%). Some of the melting products have undergone differentiation to produce more 
evolved alkaline units (e.g. units 1 and 11 ). For example, unit 11 is a differentiation 
product of unit 3. Tholeiitic units 7 and 9 were formed at low pressures (<15kbars) 
or greater degrees of partial melting (20 to 30%). Unit 10, the younger intrusive 
dyke, is the product of a high degree of partial melting (>40%) at low pressures of 
the same source which has been depleted in its initial melt fractions. 
lt is concluded that the alkaline and subalkaline units are not from different tectonic 
environments, rather they represent products of varying conditions of melting of the 
same source material. 
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Table 53 
MaJor and trace element content of graphitic schists and muscovite-quartz schists of the Bridgetown Formation 
I Rock-type graphitic schist 
Locat1on BhAW1 
Depth (m) 17.06 17.47 
~..,olour grey grey 
::;AMI-'Lt: N::;11 N::i1tl 
SIO, 63 23 
T10, 0 99 
Al 20, 14 36 
Cr,o, 0 02 
FeO 4 03 
Fe,o, 1 67 
M gO 4 31 
M nO 0 03 
CaO 0.24 
Na,o 0 73 
K,O 4 03 
P,o, 0 17 
H,o. 015 
eo, 0 08 
c 013 
s 0 58 
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5.2. GRAPHITIC SCHISTS AND MUSCOVITE-QUARTZ SCHISTS 
Major and trace element geochemical analyses were performed on graphitic schists 
and muscovite-quartz schists associated with greenstones of the Bridgetown 
Formation. The data is represented in Table 5.3. 
Two graphitic schist lenses, occurring in boreholes AW2 and AE2 (Fig. 3.4) in 
greenstone units 1 and 5 respectively, were investigated. 
In borehole AW2 graphitic sch ist was intersected from a depth of 15 to 19 metres. 
The physical features and major and trace element chemistry of four samples from 
this zone are listed in Table 5.3. 
Although the contacts between greenstone unit 1 and the graphitic schist are 
relatively sharp, the graphitic schist is darker coloured away from the contacts . The 
darker graphit ic sch ist zones also contain more pyrite than the lighter coloured 
zones. Chemica l ana lyses show that the dark grey to black samples (NS19 and 
NS20) have a higher carbon, sulfur, P205. CaO, C02 and Ti02 content than the 
grey coloured samples (NS17 and NS18). The dark coloured samples also have a 
slightly higher Ba, Nb, Ni , Pb, Rb, V, W and Zr content, but are depleted in Si02 , 
MgO and Na20 relatively to the grey coloured samples. 
In borehole AE2 graphitic schist was intersected between 23.2 and 30 metres. 
The contact with greenstone unit 5 is characterized by alternating greenstone and 
graphitic schist bands. Further away from the contact the greenstone component 
becomes less and the graphitic schist becomes darker coloured. Major and trace 
element chemistry and colour descriptions of three graphitic schist samples, taken at 
different depths, are listed in Table 5.3. The two black samples (NS54 and NS55) 
have a lower Si02 content and a higher carbon, sulfur, CaO, C02 , Ti02, Sr, V and 
W content than the light grey sample (NS51 ). 
lt is concluded that in both graphitic schist lenses the darker colour is related to a 
higher carbon content. Organic carbon would have enabled sulfate reducing 
bacteria to produce hydrogen sulfide (Leventhal, 1983). Some of the sulfide reacted 
with iron to form pyrite , which explains the high pyrite content in the dark zones and 
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a general increase in the sulfur content with an increase in the carbon content. ~ n 
borehole AW2 metals such as Ni , Pb and W also exhibit higher concentrations with 
an increase . in the carbon content. Metals may be chemically concentrated by 
adsorption on organic matter or by metal-organic complexing (Vine and Tourtelot, 
1970). The high CaO and C02 content in the C-rich samples reflect the higher 
calcite content in these samples. The lower contents of MgO, Si02 and Na20 in the 
C-rich samples probably reflect the smaller proportion of detrital minerals. 
A small muscovite-quartz schist outcrop on the farm Tweevlei (Sheet A) was also 
submitted for major and trace element analyses. The chemical composit ions of four 
whole rock samples are shown in Table 5.3. Generally the major and trace element 
content of the muscovite-quartz sch ist is comparable to those of the graphitic 
schists. Although carbon and su lfur contents of the muscovite-quartz sch ist are not 
available, the absence of sulfides is probably indicative of a low sulfur content. 
According to Vine and Tourtelot (1970) the term "black shale" includes a wide range 
of dark-coloured fine-gra ined rocks. The term implies that the rock owes its dark 
colour to the presence of organic matter. The average chemical composition of 
black shales agrees closely with estimates for shale averages. Estimates of 
elemental abundance in an average shale is given in Table 5.3 (Turekian and 
Wedepohl , 1961 ). The major difference between the average black shale and the 
average shale is the content of organic carbon. The organic carbon content in the 
average black sha le is about 3 percent , which is significantly higher than the 0.65 
percent estimated by Green (1959) for the average shale. The carbon content of the 
Bridgetown graphitic schists varies between 0.12 and 1. 98 percent which falls 
between the average shale and average black shale. lt is predicted that the carbon 
content of the muscovite-quartz schist at Tweevlei is even lower, because it is not as 
dark as the graphitic schists. The graphitic schists and the muscovite-quartz schist 
have a much higher Si02 , AI203, K20 and MgO content than the average shale, 
probably due to a larger proportion of detrital minerals. Their metal content is 
comparable to those of the average shale; therefore it is concluded that the graphitic 
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schists and muscovite-quartz schist of the Bridgetown Formation are metal-poor 
schists. 
Rare earth element (REE) distributions in the graphitic schists and the muscovite-
quartz schist at Tweevlei are shown in Fig. 5.25. 
The graphitic schists are represented by samples NS20 and NS55 from boreholes 
AW2 and AE2 respectively. They 3re characterized by a high carbon content 
compared to other samples of the same graphitic schist. Although samples NS20 
and NS55 are from two different graphitic schist lenses, their chondrite-normalized 
patterns are almost identical. The REE-profiles are HREE-depleted with about 100 * 
chondrite for light (L)REEs, 10 * chondrite for heavy (H)REEs and negative Eu 
anomalies. These features are typical of the uniform chondrite-normalized REE 
distribution pattern of cratonic shales (Taylor and Mclennan, 1985). The term 
'cratonic shale' refers to shales with a continental crust provenance. 
The muscovite-quartz schist at Tweevlei (sample NSF/2.1) has a slightly lower 
total REE content than the graphitic schists, but its REE-profile is also similar to the 
REE distribution of cratonic shales (Fig. 5.25). 
The relatively higher total REE content in the graphitic schists is probably related 
to the higher carbon content. REEs may be chemically concentrated in organic 
carbon rich shales by adsorption on organic matter or by REE-organic complexing 
(Vine and Tourtelot, 1970). 
So far researchers have not come to an agreement on why cratonic shales are 
depleted in HREEs with Eu anomalies. Condie (1991) suggested that no single 
mineral controls the Eu anomaly in shales. Taylor and Mclennan (1985) consider 
the uniformity of the Eu anomaly and the REE distributions in most cratonic shales 
as an indication of thorough mixing of the detritus during weathering and sediment 
transport. The REE pattern in cratonic shales reflect the average REE pattern of the 
sources, regardless of the ratio of clays to heavy minerals in the shales. 
In conclusion, the two graphitic schist lenses are geochemically very similar. They 
probably were metal-poor black shales which were converted to graphitic schists 




















Sm Eu Gd Oy Ho Er 
Figure 5.25. Chondrite-normalized REE patterns for: 
graphitic schists (NS 20 and NS 55) and the muscovite-quartz 
schist (NSF/2.1). 
Yb 
- • - NS20 




greenschist facies . The muscovite-quartz schist at Tweevlei has also reached the 
lower greenschist facies during reg ional metamorphism, but were subjected to only 
two deformation events . The shale's elemental composition resembles those of a 
metal-poor "ordinary" shale and not a black shale. Both the graphitic schists and the 
muscovite-quartz schist have chondrite-normalized REE distributions similar to those 
of cratonic shales. The significance of this conclusion with regards to the 
greenstones is discussed in section 9.1. 
5.3. DOLOMITES ·~ 
In this section we examine the major and trace element composition of the dolomites 
to establish the ir origin and association with the greenstones . Ten dolomite samples 
were included in this study. Six samples are from dolomite lenses which alternate 
with greenstone unit 4 in borehole CE1 (Fig . 3.6) and the other four were sampled at 
the Bridgetown dolomite quarry (Sheet A) . 
The origin of the Bridgetown dolomites and their association with the greenstones 
are still enigmatic and controversial. De Vill iers (1969) and Jacobs (1974) 
suggested that the Bridgetown dolomite is not a sedimentary rock, but a product of 
subsequent replacement of the greenstone; the latter providing the magnesia 
necessary for the formation of dolomite. This interpretation was purely based on 
field evidence and it has the problem of explaining the relatively th ick (> 70m thick) 
and massive occurrence of dolomite on the farms Bridgetown and Volgelstruisdrift. 
In section 3.2.4 possible ghost limestone textures in the dolomite were described 
in thin section. The thin section was taken from the largest dolomite lens in borehole 
CE1 (Fig. 3.6). The occurrence of relict limestone textures in dolomite indicates that 
the dolomite was formed by replacement processes, with the mineral dolomite 
replacing calcite, Mg-calcite or aragonite (Boggs, 1992). Replacement presumably 
occurred as Mg-bearing subsurface waters migrated through oolitic carbonate 
sediments, possibly over periods of tens to hundreds of millions of years. The 
general absence of relict limestone textures in the Bridgetown dolomites is probably 
due to destruction of these textures as a result of recrystallization during regional 
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metamorphism. Th is, however, does not exclude the possibili ty that the Bridgetown 
dolomites may also consist of primary precipitated dolomite. 
Part of the "dolomite problem" involves coming up with a satisfactory explanation 
to account for the large amounts of Mg that had to be imported into preexisting 
calcium carbonate sediments to bring about dolomitization . · Due to the fact that 
seawater is the only common and abundant magnesium-rich fluid on Earth, seawater 
must have furnished the primary source of Mg for dolomitization (Boggs, 1992). Mg-
rich basalts in contact with the carbonates probably were a supplementary source of 
Mg to subsurface waters . Boggs (1992) proposed a few mechanisms to force large 
quantities of Mg-bearing water through precursor carbonate sed iment. They include 
1) burial compact ion, 2) topography-driven (or gravity-driven) flow, 3) thermal 
convection, and 4) hydrothermal flow. 
Chemical analyses of the Bridgetown dolomites (Table 5.4) reveal that they have a 
MgO content of 17.8 to 20.6% and a CaO content of 26.4 to 30.7% which is the 
approximate M gO and CaO content found in the mineral dolomite (Deer et al., 1992). 
The Bridgetown dolomites are accord ingly of high ·purity with minor impurities of 
Fe203t (0.27 to 2.03%) , AI203 (0.02 to 2.08%) and Si02 (0.05 to 4.08%). Highly 
jointed samples usually have the highest content of impurities, indicating secondary 
enrichment. Small amounts of Fe2+ and Mn are also present in the lattice positions 
of dolomite (Morse and Mackenzie, 1990). Trace elements such as K, Rb, Sr and 
Na are found principally in illite and authigenic potash feldspar with some Na bound 
in carbonate phases. Silica is found in the dolomites as chert and secondary quartz 
veins . The ten dolomite samples show no anomalous metal enrichment. The 
dolomite lenses in borehole CE1 have a slighty higher Cr and Zn content than 
samples from the Bridgetown quarry. This is probably the result of secondary 
enrichment, with the greenstones furnishing the Cr and Zn to circulating waters. 
In summary, the Bridgetown dolomites are of high purity when it is not admixed with 
chert or quartz. Highly jointed dolomite usually have the highest content of 
impurities, indicating secondary enrichment. The presence of relict limestone 
textures in some dolomite samples indicate subsurface dolomitization of precursor 
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Table 5.4 
Major and trace element chemistry of the Bridgetown dolomites . 
Locat~on Bh El Bh El Bh El Bh El 
Sample NS162 NS164 NS166 NS168 
s~o 2 0.23 0.57 2.32 3.42 
T~02 0.01 0.03 0.01 0.09 
Al203 0.21 0.44 0.24 2.08 
FeO 0.07 0.36 0.18 0 . 27 
Fe203 0.68 0.46 0.80 1. 73 
MqO 20.46 20.52 17.76 18.37 
MnO 0.07 0.08 0.08 0.17 
cao 30.27 29.93 26.43 29.27 
Na20 0.08 0.08 0.08 0.08 
K20 0.01 0.01 0.01 0.13 
P205 0.01 0.05 0.01 0.02 
H20- 0.23 0.13 0.37 0.15 
TOTAL 98.40 98.40 92.75 98 . 50 
Mo 1. 01 0.96 0.80 0.97 
Nb 0.51 0.13 0.11 1. 99 
Zr 4.29 8.61 5.03 21.39 
y 2.97 6.46 3.57 10.09 
Sr 108.26 88.13 99.58 81.18 
u 0.10 0.14 2.93 1. 44 
RJ 3.41 3.09 2.81 16.00 
T1 1. 42 1. 37 1. 37 1. 42 
PJ 1. 68 1. 63 1. 63 1. 68 
Ga 1. 37 1. 33 1. 33 0.29 
Zn 5.80 10.59 5.15 31.11 
Cu 2.94 2.79 2.82 2.94 
N~ 3.42 3.44 3.36 1. 48 
Se 1. 65 1. 83 1. 65 1. 83 
V 4.32 8.41 6.68 28.14 
ce 7.21 7.17 6.58 2.36 
Nd 3.80 3.78 3.47 4.65 
Ba 7.38 23.60 44.59 174.08 
La 4.18 4.13 3 .75 0.07 
er 68.43 68.43 68.43 68 .4 3 
-
Major elements in weight percent oxide. 
Trace elements in parts per million. 
Bh El Bh El IQuarrv 
NS169 NS177 NSF/1.1 
0.05 4.08 0.05 
0.01 0.23 0.01 
0.02 0.88 0.02 
0.18 0.72 0.18 
0.07 0.08 0.06 
20.57 18.98 20.55 
0.05 0.06 0.03 
30.69 30.37 28.84 
0.08 0.08 0.08 
0.01 0.01 0.01 
0.08 0.01 0.01 
0.16 0.23 0.17 
97.80 98.50 96.85 
1. 03 4.44 0.75 
0.13 3.67 0.50 
2.22 19.22 1. 58 
4.66 4.31 2.00 
80.59 470.29 43.01 
1. 39 0.63 1. 00 
0.12 1. 52 1. 00 
1. 37 1. 41 1. 50 
1. 62 1. 67 1. 50 
1. 33 1. 38 1. 50 
1. 93 12.67 2.28 
2.85 2.98 2.50 
3.38 16.84 2.50 
1. 88 1.86 1. 50 
0.50 12.56 1. 50 
7.22 17.75 4.50 
3.80 0.52 4.00 
7 .39 1083.57 4.50 
4.21 4.33 4.00 
68 . 4 3 68 . 43 2 . 5 0 
Quarry Quarry IQuarrv 
NSF/1.2 NSF/1.3 NSF/1.4 
0.05 0.82 0.05 
0.01 0.03 0.01 
0.01 0.54 0.02 
0.27 0.36 0.18 
<0.09 0.93 <0.06 
20.51 19 . 89 20.33 
0.05 0.17 0.02 
29.05 28.63 28.97 
0.08 0.08 0.08 
0.01 0.01 0.01 
0.01 0.04 0.02 
0.11 0.21 0.11 
96.70 97.05 96.15 
0.63 0.50 0.68 
0.50 0.91 0.50 
1. 02 9.98 2.08 
2.25 3.49 1. 97 
34.24 87.75 47.13 
1. 00 1. 83 1. 00 
1. 00 1. 00 1. 00 
1. 50 1. 50 1. 50 
1. 50 1. 50 1. 50 
1. 50 2.13 1. 50 
1. 50 9.00 1. 50 
2.50 2.50 2.50 
2.50 2.50 2.50 
1. :::>0 1. 50 1. 50 
1. 50 5.09 1. 50 
4.50 11.64 4.50 
4.00 6.25 4.00 
10. 9 9 4.50 4.50 
4.00 4 .00 4.00 
2 . 5 0 3 . 58 2 . 5 0 
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limestones. High-Mg basa lts probably were a supplementary source of Mg to 
subsurface waters, explain ing the dolomite-greenstone association in the Bridgetown 
Formation. Direct precipitation or dolomitization is not totally excluded . 
5.4. CHERTS 
Cherts associated with greenstones and dolomite of the Bridgetown Formation vary 
considerably in colour, texture , deformation and nature of occurrence. Major and 
trace element analyses were done on the different types of chert to determine if 
there is any significant differences in the ir major and trace element content. 
The samples include white to grey massive chert, oolitic chert and massive jasper. 
Their location and chemistry are listed in Table 5.5. 
The white to grey mass ive chert and the ool itic chert are very pure cherts with a 
Si02 content of 96 to 99%. They also include minor amounts of AI , Fe, Ba and Zr 
which are probably present in detrital impurities. All the other elements (including 
the REE's) have concentrations near or below their detection lim its . In section 
3.2.5(i i) we discussed the poss ibili ty of the oolitic cherts being replacement products 
of oolitic carbonates. If the oolit ic cherts represent replacement cherts then the high 
Si02 content of these samples ind icate that they are completely silicified; the ooids 
as well as the carbonate matrix have been fully replaced by silica. 
Oxygen isotope analysis was done on two chert samples. An oolitic chert sample 
(NSF/12) from the farm Volgelstruisdrift has a o18Q(SMOW) value of 26.39 per mil 
and a massive chert sample (NSF/14) from the farm Tweevlei has a o18Q(SMOW) 
value of 23.4 per mil. According to Hoefs (1987) cherts have the highest 18ot16o 
ratios found in rocks. This is due to the large oxygen isotope fractionation factor 
between quartz and water at low temperatures . Their oxygen isotope composition 
can vary between 20 to 44 per mil, which is much higher than the oxygen isotope 
composition of hydrothermal quartz. The o18oquartz values of mesothermal vein 
systems, generally cluster between 15 to 16 per mil (Rushton et al. , 1993). it is 
concluded that formation of the massive and oolitic cherts of the Bridgetown 
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Table 5.5. Major and trace element chemistry of cherts of 
the Bridgetown formation. 
SAMPLE NSF/3.1 NSF/3.2 NSF/3.4 
Si02 88.49 97.34 
Ti02 0.01 0.01 
AI203 0.11 0.02 
Cr20J 0.00 0.00 
Fe203· 9.89 1.72 
M gO 0.03 0.03 
M nO 0.01 0.01 
CaO 0.00 0.00 
Na20 0.08 0.08 
K20 0.01 0.01 
P20s 0.14 0.02 
H20- 0.11 0.08 
TOTAL 99 .10 99.40 
Mo 15 1 
Nb 1 1 
Zr 86 95 
y 1 1 
Sr 9 1 
u 1 1 
Rb 1 1 
Th 2 2 
Pb 2 2 
Ga 2 2 
Zn 2 2 
Cu 3 3 
Ni 90 3 
Se 2 2 
V 35 10 
Ce 5 5 
Nd 4 6 
Ba 5 5 
La 4 5 
Cr 9 11 
Major elements in weight percent oxide. 
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Formation are not related to a hydrothermal event. If replacement of carbonates by 
silica did occur, it must have taken place at low temperatures. 
Replacement cherts can occur in shallow platform carbonates as well as in open-
ocean or deep-sea carbonates. Maliva and Siever (1988) refer to the mechanism for 
forming deep-sea oolitic replacement cherts as a maturation process whereby chert 
evolves from originally dispersed biogenic opal-A (amorphous silica) through an 
intermediate stage to quartz porcellanite or chert. These cherts are typically 
characterized by quartz-replaced lepisheres, which provide good textural evidence 
for an opai-CT precursor. Opai-CT is a low-temperature cristobalite , disordered by 
interlayered tridymite lattices (Boggs, 1992). Kanauth (1979) suggested that the 
mixing zone where meteoric groundwaters mix with seawater in a coastal area may 
be a favourable geochemical environment for the formation of shallow or platform 
replacement cherts . Silica is suppl ied in this environment by the dissolution of 
sponge spicules or other forms of biogenic opal-A within the sediment pile and is 
then transported into the zone of mixing, where replacement of CaC03 occurs. 
Opal-A is first transformed to opai-CT, which then replaces the carbonate and is 
later diagenetically altered to quartz chert. Replacement of carbonates by silica to 
form replacement cherts accord ingly takes place at low temperatures . 
The jasper-rich chert has a Si02 content of 88.5% and a total Fe203 content of 
9.9%. Most of the iron occur in red disseminated hematite. Minor amounts of AI , 
Mo, Zr, Ni and V are also present. The relatively high Ni content (89.5 ppm) and the 
presence of jasper-rich chert lenses in the greenstones might indicate a possible 
volcanogenic (exhalative) origin for the jasper-rich cherts. 
In conclusion, oxygen isotope analysis proved that the massive quartz bodies, 
associated with the dolomite and greenstones, are cherts and not superficially 
silicified rocks. The oolitic cherts are replacement products of oolitic carbonates. 
Silica was presumably added to the environment through reaction of seawater with 
hot volcanic rocks, while silica-secreting organisms were responsible for removal of 
silica from the ocean water. The jasper-rich cherts and jaspilites are probably 




In Table 5.6 geochemical characteristics of each litholog ical unit of the Bridgetown 
Formation are illustrated with respect to the non-facing stratigraphy. 
Two general trends are observed in this greenstone sequence relative to the 
adopted stratigraph ic interpretation. 
i) an increase in the more evolved magmas, and 
ii) the rat io of sedimentary units, pyroclast ic material and chemical precipitates to 
mafic flows increases upwards. 
These trends are often found in greenstone successions. An example is the 
Archaean Swaziland Sequence of the Barberton greenstone belt, South Africa , 
which exhibits a general decrease in the ultramafic rocks and an increase in the 
felsic rocks, sediments and pyroclastics towards the top . 
Reconstruction of the sequence of events is complicated by the following : 1) it is not 
clear whether boundaries between litholog ies are stratigraphic or tectonic, and 2) 
additional metavolcanic and metasedimentary units, other than those encountered, 
can be expected in this highly heterogeneous greenstone body. 
The following can be deduced: 
1) Both alkaline and tholeiitic magmatism occurred . Their chronological relationship 
is unclear. Unit 10, the tholeiitic dyke, represents the youngest magmatic event. 
The alkaline and tholeiitic magmas originated from the same source material, being 
products of vary~ng conditions of melting . 
2) Alkaline magmatism occurred contemporaneously with deposition of sediments 
and chemical precipitates (e.g. carbonates and cherts) . Some degree of mixing of 
the basaltic rocks and the sediments has taken place. 
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Table 5.6. Geochemical characterization of lithological 






































































Oolitic, massive and jasper-rich cherts 
Dolomite with small greenstone bodies (>>>>) 
Metal-poor muscovi~e-guartz schist with a continental crust 
provenance 
Unit 5: a metamorphosed intermediate volcanic rock or a 
metabasalt, contaminated by a sedimentary component 
Metal-poor graphitic schist lens with a continental crust 
provenance 
Unit 11: - alkaline metabasalt 
- within-plate tectonomagmatic fingerprint (OIB) 
- more evolved magma with low mg-value (56) 
- differentiation product of unit 3 
Unit 3: - alkaline metabasalt 
- within-plate tectonomagmatic fingerprint 
- poorly differentiated magma with high mg-value 
( 7 3) 
- formed at high pressures ( >15 kbars) or low 
degrees of partial melting (3 to 7%) of a LREE-
enriched source 
Unit 1: - metatuff with an alkaline basaltic composition 
- within-plate tectonomagmatic fingerprint (OIB) 
- more evolved magma with low mg-value (56) 
Metal-poor graphitic schist lens with a continental crust 
provenance 




alkaline metabasalt with dolomite lenses (~) 
within-plate tectonomagmatic fingerprint (OIB) 
poorly differentiated magma with high mg-value 
(73) 
formed at high pressures (>15 kbars) or low 
degrees of partial melting (J to 7%) of a 
LREE-enriched source. 
Unit 9: - subalkaline, low-alumina, tholeiitic metabasalt 
- ocean-floor basalt (P-type MORB) fingerprint 
- p6orly differentiated magma with high mg-value 
(80%) . 
formed at low pressures ( <15 kbars) or high 
degrees of partial melting (20 to 30%) of a 
LREE-enriched source 
Unit 10: - subalkaline, low-alumina, tholeiitic metabasite 
- ocean-floor basalt (P-type MORB) and island arc 
basalt fingerprint 
- poorly differentiated magma with high mg-value 
(79) . 
- formed at low pressures (<15 kbars) and high 
degrees of partial melting ( >40% ) of a source, 
depleted in its initial melt fractions. 
Unit 7: - subalkaline, low-al~mina, tholeiitic metabasalt 
- ocean-floor basalt (P-type MORB) fingerprint 
- poorly differentiated mayma with high rug-value 
( 7 8) 
- formed at low preisures ( <15 kbars) or high 
degrees of partial melting (20 to 30%) of a 
LREE-enriched source 
Unit 6: · 
(=unit 8) 
- alkaline metabasalt 
- within-plate tectonomagmatic fingerprint 
- poorly differentiated magma with high mg-value 
( 82) 
- formed at high pressures ( >15 kbars) or low 
degrees of partial melting (J to 7%) of a 
LREE-depleted source 
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6. GEOCHEMISTRY OF BANDED CHERT, CHLORITE SCHIST AND QUARTZ 
VEINS AT SPITSKOP 
70 
The geochemistry of some rock types at Spitskop was investigated to evaluate the 
possibility of them be ing hosts to anomalous gold and arsen ic, found in adjacent 
streams during a reg ional stream sampling project. The rock types investigated 
include a) banded chert wh ich covers the top of Spitskop and its south-eastern flank, 
b) a small chlorite schist outcrop, exposed in a road-cutting through the south-
eastern flank of Spitskop and c) quartz veins of different ages which cross-cut the 
chlorite schist, banded chert and quartz-feldspar-sericite schists. An attempt was 
also made to compare the banded chert and chlorite schist at Spitskop with cherts 
and greenstones of the Bridgetown Formati on . 
6.1. BANDED CHERT 
Two banded chert samples were analyzed for major and trace elements (Table 6.1 ). 
One of the samples (NSF/6) was also ana lyzed for Au , Ag , As and Sb. 
The Au and Sb content of NSF/6 are below their respective detection limits, but 
minor amounts of Ag (0 .7 ppm) and As (35 ppm) were detected. Although sample 
NSF/6 does not conta in any gold mineralizat ion; the poss ibili ty of gold minera lization 
in the banded chert body should not be tota lly excluded on account of one sample. 
The major and trace element content of the banded chert differ considerably from 
the element content of the cherts associated with the main greenstone body. Its 
Si02 and Fe203t content are intermediate between those of the relatively pure 
cherts and the jasper-rich chert. The major chemical difference is the anomalous 
high Ni (549 to 694 ppm) and Cr (1835 to 2268 ppm) content in the banded chert. In 
section 3.4.3. chromite gra ins and Cr-rich micas (biotite and chlorite) were identified 
in small irregular discontinuous cracks in the banded chert. These minerals are 
responsible for the high Cr-values in the banded chert. Thus far the high Ni-values 
could not be linked to specific minerals in the banded chert. A very high Ba value 
(1 093 ppm) was also detected in sample NSF/11 . 
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Table 6 .1. Whole rock ma j or and t race element che mistry of 
rock types at Spitskop. 
banded banded 
chert chert 
SAMPLE NSF/1 1 NSF/6 
Si02 94.45 93 .27 
Ti02 0.01 0.01 
AI20 3 0.29 0.37 
Cr20 3 0.29 0.31 
FeO 0.45 0.45 
Fe20 3 3.60 3.80 
M gO 0.18 0.03 
M nO 0.08 0.02 
CaO 0.00 0.00 
Na20 0.08 0.08 
K20 0.01 0.01 
P20 s 0.01 0.00 
H20 - 0.13 0.28 
TOTAL 99.50 99.40 
Mo 1 1 
Nb 1 2 
Zr 32 63 
y 4 4 
Sr 23 1 
u 1 1 
Rb 1 1 
Th 2 2 
Pb 2 24 
Ga 2 2 
Zn 13 28 
Cu 3 3 
Ni 694 549 
Se 6 8 
V 22 29 
Ce 5 5 
Nd 4 4 
Ba 1093 8 
La 5 4 
Cr 1835 2268 
Major elements in weight percent oxide. 
Trace elements in parts per million . 
chlorite 
schist steat ite 
NSF/9 NSF/1 0 
53.82 58.96 
0.40 0.01 


































The high contents of Ni , Cr ± Ba and its association with a chlorite schist indicate a 
possible hydrothermal-volcanogenic origin for the banded chert. it, however, does 
not show chemical similarities with hematite cherts or banded iron formations 
associated with volcanogenic massive sulfide deposits (e.g .. the Kuroko-type, the 
Cyprus-type and the Besshi-type). The Fe, Cu, Pb, Zn and Mn content of the 
Spitskop banded chert is much lower than in these types. 
6.2. CHLORITE SCHIST 
The greenschist body at Spitskop consists of a dark olive-green chlorite schist with 
albite porphyroclasts , and small irregular light grey to pale-blue talc-rich bodies. 
Major and trace element analyses, done on one chlorite schist sample and one talc-
rich sample, are listed in Table 6.1. 
The major and trace element content of the chlorite schist does not agree with the 
element content of any of the greenstone units described so far . it has a much 
higher Si02 , AI203 and Se content and is depleted in Fe203t, CaO, most of the 
incompatible elements and all the REE's relative to the other greenstone units. it 
has a flat chondrite normalized REE pattern (Fig. 6.1) which is depleted in total 
REE's (<10*chondrite). 
If the assumption is made that the chlorite schist is magmatic, it would classify as a 
subalkaline basaltic andesite according to its Na20 + K20 and Si02 content (Cox et 
al., 1979 and lrvine and Barager, 1971 ). 
The talc-rich sample has a Si02 content of 59% and a MgO content of 25% which 
is slightly lower than the average Si02 and MgO content of the mineral talc which is 
62.6% and 30,2% respectively (Deer et al., 1992). XRD analysis on one of the 
samples confirmed that it consists mainly of talc. The high Fe203t content (9.5%) of 
the talc-rich sample is probably related to the presence of oxidized material which 
occurs as small speckles in the sample. The talc-rich sample has extremely high 
contents of Ni (3691 ppm) and Cr (2221 ppm). 
The occurrence of small Ni- and Cr-rich talc bodies in association with a chlorite 
schist may indicate the possible presence of an ultramafic body at Spitskop. An 
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Figure 6.1. Chondrite-nomalized REE pattern for a chlorite 
schist at Spitskop. 
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72 
in Vermont (Jahns, 1967). Although serpentinite is predominant , other rock types 
form well-defined units within the ultramafic bodies. The distribution of the major 
units is illustrated in Fig. 6.2 and the principal features of the rock types are 
summarized as follows: 
a) The blackwall zone. 
This zone consists of highly foliated dark coloured chlorite-rich rocks that form thin , 
sharply defiled, and nearly continuous rinds about the ultramafic bodies. They 
range in thickness from a knife edge to a few metres wide. The outer margins of the 
exterior rinds grade abruptly into country rock, and commonly are flanked by local 
concentrations of porphyroblastic albite, and less commonly porphyroblastic 
muscovite. The inner margins grade into steatite, talc-carbonate rock or sheared 
serpentinite. 
b) Steatite. 
lt is a massive to microsheared , compact, pale-blue to light grey rock, consisting 
mainly or almost wholly of fine-grained talc. lt occurs typically along the inner 
margins of the blackwall zone as irregular lenses, rarely more than 1 metre thick. 
c) Talc-carbonate rocks and veins . 
They consist of massive to mildly sheared aggregates of talc and carbonate 
minerals, generally with carbonate porphyroblasts and commonly veined by younger 
carbonates. This rock extends from the inner margins of steatite masses and 
blackwall zones into serpentinite. They range from bulb- or fingerlike projections to 
pods and thin tabular masses. The talc-carbonate veins are mostly joint controlled. 
d) Serpentinite. 
Massive to highly sheared, pale-green to very dark-greenish-grey aggregates of 
serpentine minerals. lt comprises the interiors of the ultramafic bodies. 
The chlorite schist and the talc-rich masses at Spitskop are comparable to the outer 
margin of the blackwall zone associated with the Roxbury serpentinites (Fig. 6.2). 
Small fingerlike zones of dolomite, talc and chlorite occur along joints in the Spitskop 
banded chert. They may be related to the talc-carbonate kind of rocks associated 
with the Roxbury serpentinites. 
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Homontal and vertical scale in feet 
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Country rocks 
D Greenstone. in places actinolite-beanng 
Quartz -chlorite-
sencite schist with 
local steatite lenses 
Figure 6 .2. Geological sketch sections through typical 
ultramafic bodies, Roxbury district, showing distribution of 
major rock types (Jahns, 1967). 
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Thus, there are some indications that a metamorphosed ultramafic body might be 
present at Spitskop. As previously mentioned (sect ion 3.4.4) , Ni-rich ta lc is often 
associated with reactions between quartzites, in this case the banded chert , and 
ultramafic rocks (De Waal, 1970). If so, then the high Ni- and Cr-values in the 
banded chert is probably related to secondary enrichment processes involving 
interaction of Si02-satured and C02-bearing metamorphic fluids with the ultramafic 
body (Evans and Guggenheim, 1938); resulting in precipitation of minerals such as 
chromite , Cr-rich chlorite and biotite, talc and dolomite along fractures and joints in 
the banded chert. 
6.3. QUARTZ VEINS 
Banded chert , ch lorite sch ist and quartz-feldspar-sericite sch ists at Spitskop are cut 
by numerous quartz veins of different ages 
Although many of the quartz ve ins at Spitskop have boxwork textures, only a few 
massive quartz bodies conta in vis ible sulfide mineral izat ion in outcrop. These 
relatively pure, milky quartz bod ies occur in quartz-feldpar-sericite schists on the 
northern flank of Spitskop. They have been subjected to more than one episode of 
britt le deformation and are mineralized with galena , pyrite and sphalerite . Major and 
trace element analyses on one sample (Table 6.2) show anomalous high contents of 
Pb (41735 ppm; present as galena) , Zn (1573 ppm, present as sphalerite) , As (346 
ppm), Ag (325 ppm) , Th (121 ppm) and Sb (44 ppm) with traces of Au (70 ppb) . The 
low total is due to the high sulfur content present as galena, sphalerite and pyrite in 
this sample. 
Fluid inclusion studies on these quartz bodies revealed three primary inclusion 
populations (Spathelf, unpubl.) They can be divided into a) H20 - NaCI , b) H20 -
NaCI - C02 and c) C02 inclusions. Their melting and homogenization temperatures 
and their densities are given in Table 6.3. The H20-NaCI (Th = 160°C) population is 
found throughout the Western Cape Province, in all the lithologies (R. Scheepers, 
pers. comm., 1995). lt represents either a regional metamorphic overprint in the 
Malmesbury Group or is related to orogenesis of the Cape Fold Belt. The H20-
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Ta b l e 6 . 2 . Wh0 l e rock major a nd t ra c e element c h e mistry of 
mi ne r aliz e d quar t z at Spitskop . 
SAMPLE NSF/5 
Si0 2 90.95 
Ti0 2 0.01 
AI,O, 0.30 
Cr20 3 0.00 
FeO 0.27 
Fe20 3 1.12 
MgO 0.01 































Major elements in weight percent oxide. 
Trace elements In parts per million. 
Gold in parts per bill ion. 
Table 6. 3. Th, Tm and density of fluid inclusions 
mineralized quartz at Spitskop. 
Population Th ( OC) Tm ( o C) Density (gjcm3 ) 
H20-NaCl 160 -1.60 0.922 
H20-NaCl-co 2 270 -0.60 0.782 
C02 15 -55 0.822 
in 
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NaCI-C02 (Th = 270°C) population might be related to the main sulfide 
mineralization. According to Pisutha-Arnond and Ohmoto (1983) the formation of 
black ore minerals ( sphalerite , galena and pyrite) during intensifying stages of 
hydrothermal activity occur at T = 200°C to 330°C . Pb-Zn-(Ag) vein mineralization in 
Alcudia Valley, Spain, are associated with low salinity ( <11, 7 wt% eq. NaCI) , medium 
temperature (204 to 370°C ; frequency maximum in the interval 240 to 260°C) 
aqueous-carbonic fluids (H20-NaCI and H20-NaCI-C02; Palero et al. , 1991 ). 
According to Banks et al. (1993) , gold transport is often associated with late stage, 
low temperature H20-salt fluids . 
Oxygen isotope analyses were done on quartz veins of different ages and the 
banded chert to determine their genet ic relationship. The 818o(SMOW) values and 
sample descriptions are given in Table 6.4 .; and the sample locations are shown in 
Figure 6.3. 
The 818o values of the quartz veins vary between 13.53 and 17.92 per mil. 
Accord ing to Rushton et al. (1993) these values are typical of most mesothermal 
vein systems. Mechanisms which have been invoked to account for generation of 
the mineralizing fluids involved in mesothermal vein genesis include (1) lateral 
secretion, (2) mantle degassing-granulitization, (3) meteoric water circulation , (4) 
metamorphic devolatilization and (5) an orthomagmatic origin (Rushton et al ., 1993). 
lt is not possible to determine which one of these mechanisms was responsible for 
generation of fluids involved in vein genesis at Spitskop, by using 818oquartz data 
alone. Plots of 8Dinclusion fluids versus calculated 818ofluid can be used to 
determine if the isotopic composition of quartz vein fluids lies inside the magmatic 
and metamorphic water fields which overlap each other (Rushton et al. , 1993). 
Unfortunately isotope analyses were not done on the quartz vein fluids. 
The genetic model for the origin of mesothermal fluids which is most widely accepted 
is the generation of H20 and C02 during prograde metamorphism under greenschist 
facies conditions (Kerrich and Fyfe, 1981 ). The fluids are focused along and 
channeled into major crustal structures, and migrate upward along the structures 
losing volatiles and precipitating ore and gangue minerals . 
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Table 6. 4. Oxygen isotope composition of quartz veins and 




























Sheared milky quartz body in banded 
chert. 
Massive milky quartz body in banded 
chert. 
Milky quartz vein in banded chert. 
Milky quartz body, containing a few 
small oxidized sulfide grains. 
Massive, relatively pure milky 
qua r t z body in banded chert. 
Brittle deformed grey quartz in 
banded chert. 
Milky quartz vein, cutting through 
a cherty matrix which has a gossan-
like appearance. 
Milky quartz vein, cutting through 
a cherty matrix which has a gossan-
like appearance. 
Clear grey quartz vein in banded 
chert. 
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The two banded chert samples exhib it o18o values of 15.45 and 15.90 per mil 
alternatively. These o1Bo values are very low for cherts, which might indicate the 
following : 
a) it is not a chert ; or 
b) its o18o values were strongly affected by either reg ional metamorphism, contact 
metamorphism (if there proves to be an igneous body underneath) or a hydrothermal 
event. 
6.4. CONCLUSION 
Small Ni- and Cr-rich ta lc bod ies, ch lorite schist with albite porphyroblasts and small 
fingerlike dolomite-talc-chlorite bod ies at Spitskop are units often associated with 
serpentinites. The possibil ity exi sts that a metamorphosed ultramafic body is 
present in the interiors of Spitskop, probably underlying the banded chert. 
The banded chert which covers the top of Spitskop and its southeastern flank is 
probably not a chert. lt is either the result of silica leaching of the metamorphosed 
ultramafic body, or it represents a sheared quartzite. The high Ni- and er-values in 
the banded chert is related to secondary enrichment processes, involving interaction 
of Si02-satured and C02-bearing metamorphic fluids with the ultramafic body, 
resulting in precipitation of minerals such as chromite , Cr-rich biotite and chlorite , 
talc and dolomite along fractures and joints in the banded chert. 
Gold mineralization at Spitskop is hosted in quartz veins which developed at zones 
of competency contrasts in all the litholog ies in the region . Although many of the 
quartz veins at Spitskop have boxwork textures, only a few massive quartz bodies 
contain visible sulfide mineral ization (galena, pyrite and sphalerite) in outcrop. Au-
analysis on one sample revealed only traces of gold (70 ppb) in these bodies. 
These Pb-Zn-(Ag)-bearing massive quartz bodies contain at least three different 
populations of mesothermal fluids (H20-NaCI , H20-NaCI-C02 and C02-rich fluids) 
which originated during and/or after greenschist facies metamorphism. The fluids 
migrated along major crustal structures, losing volatiles and precipitating ore and 
gangue minerals. Sulfide mineralization is probably related to the H20-NaCI-C02 
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76 
(Th = 270°C) population. At least one of the three populations contained traces of 
gold. The fluids are probably the products of metamorphic devolatilization, but an 
orthomagmatic origin is not totally excluded. 
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7. ECONOMIC POTENTIAL OF THE AREA BETWEEN SPITSKOP AND 
WINKELHAAKSVLEI 
77 
During a regional stream sampling project which covered the Malmesbury Group, 
gold and arsenic anomalies were detected in streams draining Spitskop. Th is 
warranted further investigation of the area around Spitskop. Greenstones and 
associated rock types of the Bridgetown Formation, outcropping directly southeast of 
Spitskop, were also included in this investigation to determine their mineralization 
potential. 
7.1. BRIDGETOWN FORMATION 
The economical viability of each litholog ica l component of the Bridgetown Format ion 
will be discussed. 
7.1 .1. GREENSTONES 
Although the greenstones exhibit some features which would favour mineralization, 
such as quartz veins in brittle-ductile shear zones; the only mineralization present is 
pyrite in units 1 and 2 and a few disseminated pyrrhotite grains in unit 11. 
The greenstones contain no anomalous base metal values , except for unit 10 (the 
younger intrusive dyke) which has a Ni content of 452 to 887 ppm and a Cr content 
of 890 to 1437 ppm. This greenstone unit has geochemical characteristics of 
magmas often enriched in PGE's (Saini-Eidukat et al. , 1993). These magmas are 
enriched in MgO and Cr and depleted in Ti, Ta, Nb and HREE's compared to 
tholeiites. lt is suggested that further studies on the dyke should include PGE-
analysis . 
The cores of twelve boreholes (locations in Fig. 3.3) were sampled from top to 
bottom for Au. The samples had a maximum length of 1 metre. Four hand 
specimens of unit 11 were also included for Au-analysis . A total of 277 greenstone 
samples were analyzed for gold by means of Graphite Furnace Atomic Absorption 
Analysis. The highest value obtained was a mere 27 ppb. 
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7.1.2. GRAPHITIC SCHISTS AND MUSCOVITE-QUARTZ SCHIST 
Graphitic schist lenses, encountered in boreholes AW2 and AE2 (Fig . 3.4) , are well-
mineralized with pyrite , but their metal content is comparable to those of an 'average 
shale' (sect ion 5.2). The graphitic schist lenses were also submitted for low level 
gold analyses (Graphite Furnace Atomic Absorption Analysis). The highest value 
obtained was 3.5 ppb. 
A dark muscovite-quartz schist, outcropping on the farm Tweevlei , also classifies as 
a metal-poor schist, having a metal content sim ilar to those of an 'average sha le'. 
Gold-analysis, done on four samples, revealed a Au-content of less than 1 0 pp b. 
According to Pasava (1 993) shales which host economically important PGE 
accumulations are rift-related metal-rich shales. The possibil ity of the graphi tic 
schists and the muscovite-quartz schist bearing economically important PGE 
concentrations is ruled out, due to the fact that they are metal-poor schists . 
7.1 .3. DOLOMITES 
Dolomite is currently being mined on the farm Bridgetown, mostly for agricultura l 
use. The dolomite is of high purity as previously mentioned in section 5.3. The 
width of the main dolomite body varies from a few metres to approximate ly BOOm. 
Dolomite was encountered up to depths of 70 metres in boreholes drilled by PPC on 
the farm Vogelstruisdrift (M. Taylor, pers. comm. , 1994). Structurally the boreholes 
were drilled into the western limb of a broad synform (Sheet A) . lt is concluded that 
the dolomite reserves are far bigger than was first estimated. 
So far no anomalous metal enrichments were found in dolomites of the Bridgetown 
Formation. Samples which were analyzed for metals (including Au), are from the 
Bridgetown quarry (Sheet A) as well as a few dolomite lenses intersected in 
borehole CE1 (Fig. 3.6) . Fifty-two dolomite samples from the Bridgetown quarry and 
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exploration boreholes drilled into the dolomite, in the vicinity of the quarry, were 
analyzed for base metals by Lime Sales Ltd. (M. Taylor, pers. comm. , 1994). These 
analyses rendered no base metal enrichments in the dolomite. 
On the farm Tweevlei , a limonitic zone outcrops next to the dolomite (Sheet A). 
The zone is 5 to 20 metres wide and has a nodular appearance. Some of the 
nodules contain red iron-rich soil. Two samples from the limonitic zone were 
analyzed for base metals by Lime Sales Ltd. (M . Taylor, pers. comm., 1994). One of 
the samples contained anomalous Zn (663.8 ppm) and Ni (803.4 ppm). This 
limonitic zone is probably the product of secondary enrichment processes similar to 
those associated with gossan formation . 
7.1.4. CHERTS 
Various chert outcrops (their descriptions and locations are listed in Table 1 and 
Sheet A) were analyzed for metals, including Au. They contain no anomalous metal 
enrichment and class ify as relat ively pure cherts . 
7.2. SPITSKOP AREA 
Stream sediment sampling in the Spitskop area revealed gold and arsen ic anomalies 
in streams draining Spitskop. The location of the streams and anomalous stream 
sediment samples are indicated on the geological map of Fig . 7.1 . Gold was also 
panned in the stream draining the southern flank of Spitskop. 
The next step was to pinpoint the Au and As anomalies by means of soil sampling. 
Hundred-and-twenty soil samples (1 OOg each) were taken on a 200m grid which 
included Spitskop and the surrounding area. One of the gridlines, traversing the 
highest point of Spitskop, was sampled every 1 00 metres. These samples were 
analyzed for Au and As by means of fire assay. Contoured gold and arsenic 
concentrations in the soil samples are shown on Figures 7.1 and 7.2 respectively in 
relation to the geology and topography of the Spitskop area. 
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The highest gold concentration (230 ppb) was found in soil next to the highest point 
of Spitskop in the banded chert. In this area the chert is cut by numerous clear and 
milky quartz veins of different ages. The cherty matrix has a gossan-like 
appearance, probably due to the removal of sulfides during weathering . Neither the 
quartz veins nor the cherty matrix contains sulfide mineralization in the outcrop. A 
similar ·outcrop also occurs 120m east of the highest point, on the northeastern flank 
of Spitskop. At this outcrop Au-values of approximately 10 to 25 ppb were detected 
in soil samples. 
Numerous massive quartz bodies outcrop in the quartz-feldspar-sericite schist 
11 Om northeast of the highest point (Fig . 7.1 ). These quartz outcrops have been 
subjected to more than one episode of brittle deformation and are mineralized with 
galena, pyrite and sphalerite . One whole rock analysis was done on a quartz 
outcrop (Table 6.2). These quartz bodies have a very high Pb (41735 ppm, present 
as galena), Zn (1573 ppm, present as sphalerite) , As (325 ppm) and Ag (325 ppm) 
content with traces of Au (70 ppb) . Soil samples taken adjacent to the quartz bodies 
have gold concentrations of 1 0 to 20 pp b. 
Various quartz veins at Spitskop, which were submitted for oxygen isotope 
analyses, were also analyzed for Au and As (locations: Fig. 6.3). None of these 
' samples contain anomalous Au or As concentrations. 
Au values between 20 and 75 ppb were detected in soil samples in the region of a 
mottled carbonate outcrop (Fig. 7.1 ). So far these anomal ies could not be related to 
a specific geological feature and require further investigation. 
lt is concluded that gold mineralization in the Spitskop area is hosted in clear to 
milky quartz veins which developed along zones of competency contrasts in all the 
lithologies in the area. The possibility of gold mineralization in the massive quartz 
bodies which outcrop in the quartz-feldspar-sericite schist, on the northern flank of 
Spitskop, should not be excluded on account of one sample. According to Banks et 
al. (1993) Iberian granite-hosted quartz veins with Au mineralization have some 
uniform characteristics. The quartz veins display multistage and complex 
deformation, with each deformational stage being characterized by specific metal 
deposition. Au is usually associated with arsenopyrite but is later than the sulfide 
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precipitation . Au transport is associated with late stage, low sal inity, low 
temperature H20-salt fluids . The fact that the massive quartz outcrops at Spitskop 
suffered a multistage deformational history of intense microfracturing and fluid 
injection (including low temperature H20-salt fluids; see section 6.3) as well as the 
presence of sulfides, render it a good candidate for gold mineralization. 
Various mechanisms for transport and deposition of gold in quartz veins have been 
postulated. Most of the auriferous veins in literature are associated with shear 
zones which exhibit a complex history of ductile and brittle deformation; for example 
quartz veins from the Central Pyrenees, Spain (Areas and Solder, 1991 ); and an 
Archaean lode-gold deposit near Kalgoorlie , Western Australia (Gebre-Mariam et 
al., 1991 ). Au-bearing fluids circulating through the shear zones do not have fixed 
properties. it can vary from C02-poor brines with high salinity (Areas and Solder, 
1991) to H20-C02-N2-rich fluids (Giuliani et al. , 1991 ). Nevertheless, gold has high 
solubility and mobility in the solutions from which crystallization of sulphide-arsenic 
parageneses is possible (Pai'Yanova and Kolonin , 1991 ). The chloride complex 
AuCI2- dominates in acid solutions at a temperature above 300°C and with chloride-
ion concentration more than 2mol/kg H20. The hydrosulphide complex AuHS 
prevails in acid solutions and Au(HS)2- are the dominant species in the near-neutral 
to alkaline solutions (Pai'Yanova and Kolonin , 1991 ). Further studies on the Au-
bearing fluids at Spitskop is necessary before any physical-chemical conditions can 
be postulated for transport and deposition of the gold. 
lt is important to note that the only soil sample with more than 100 ppb Au, was 
sampled on the line with 100 metre sample intervals. Furthermore, if the gold is 
hosted in quartz veins, gold in the soil profile might be highly localized. it is 
therefore predicted that if soil sampling is done on smaller intervals (e.g. every 50 
metres) more areas with high Au anomalies will be defined. The presence of Au in 
stream sample M1 indicates that there should be some additional Au concentrations 
located at or near the southern or southeastern flanks of Spitskop. 
Generally high arsenic values were found in soil samples at Spitskop, ranging 
between 100 to 500 ppm (Fig. 7.2). The highest As concentrations (300 to 450 ppm) 
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occur at the following locations: a) adjacent to a quartz ridge which outcrops in the 
quartz schist, b) along a NE-SW striking fault zone with massive quartz bodies which 
have experienced brittle deformation, c) the top of Spitskop (including the area of 
high Au concentrations) and adjacent eastern and western flanks of Spitskop, d) 
along a possible NW-SE striking fault which defines the quartz schistlquartz-
feldspar-sericite schist contact and contains numerous quartz veins , and e) adjacent 
to a massive quartz outcrop in the quartz-feldspar-sericite schist (north of Spitskop). 
lt is therefore concluded that As anomalies are associated with quartz bodies or 
veins which have been subjected to some degree of shearing . Although high As 
values do not always correlate with high Au values , it should be taken into account 
that As is more mobile than Au and will display less localized concentrations . 
Other geologica l features at Spitskop, wh ich might have some economica l 
significance, is the occurrence of small Ni- and Cr-rich talc bodies in association with 
a chlorite schist and an overlying Ni- and Cr-rich banded chert. The talc bodies 
occur as small irregular lenses in the chlorite schist (rarely more than 1 metre thick) 
and has a Ni content of 3691 ppm and a Cr content of 2221 ppm. As previously 
mentioned in sections 6.2 the occurrence of these Ni- and Cr-rich lithologies 
probably indicate the presence of an unexposed, highly altered and low-grade 
metamorphosed ultramafic body at Spitskop. 
7.3. DISCUSSION 
lt is suggested that further exploration in the area between Spitskop and 
Winkelhaaksvlei should be focused on the area around Spitskop. So far no 
mineralization has been found in the greenstones and associated rock types of the 
Bridgetown Formation. 
Au and As anomalies at Spitskop definitely warrant further investigation. The 
following exploration program is proposed for the Spitskop area: 
a) A detailed soil sampling program. 
b) Detailed structural and geological mapping of the Spitskop area. 
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c) Channel sampling of brittle deformed quartz veins and massive quartz bodies 
associated with Au and As anomalies. 
d) Drilling is recommended if a) and c) prove to be successful. 
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8. COMPARATIVE STUDY 
To obtain a better understanding of the Bridgetown Formation , it is necessary to 
compare it with age related formations consisting of similar rock types elsewhere. 
The few examples which are discussed in this chapter, are all associated with Late 
Proterozoic - Early Palaeozoic Pan-African mobile belts . A comparison with the 
following three examples is particularly instructive: a) lavas and tufts at 
Bloubergstrand (Saldania Belt) , b) mafic and intermediate igneous rocks intrusive 
into the Malmesbury Group (Saldania Belt), and c) the Marmora Terrane of the 
Gariep Belt. A short descriptive summary of other Pan-African volcano-sedimentary 
assemblages is also given. 
8.1. LAVAS AND TUFFS AT BLOUBERGSTRAND 
Lavas and tufts which are exposed at Bloubergstrand (Fig. 8.1) were first described 
by Haughton (1933) . The Blouberg volcanics are part of the Tygerberg Formation 
which lies in the Tygerberg terrane of the Malmesbury Group. 
Von Veh (1983) described the volcanics as andesitic lava with red tuff, and the 
adjacent rocks as siltstone, mudstone, arkosic wacke and sandstone. 
Jacobs (1974) did a petrographical and geochemical study on the volcanics and 
divided them into sheared amygdaloidal lavas, massive lavas and lithic tufts . The 
sheared amygdaloidal lavas are characterized by their greenish colour and their high 
content of large flattened amygdales (4mm in length) which are filled with calcite , 
quartz and minor chlorite . The lava consists of short plagioclase laths, sericite, 
quartz and iron oxides. The sheared lavas grade into the massive lavas which are 
characterized by their reddish or grey colour and smaller and fewer amygdales. 
Mineralogically these lavas are identical to the sheared lavas. The lithic tufts are 
also reddish in colour. Lithic fragments , consisting of quartz and feldspar, are set in 
a glassy matrix. 
According to chemical classification diagrams of Winchester and Floyd (1977; 
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Blouberg lavas classify as calc-alkal ine andesitic rocks; whereas the Bridgetown 
metavolcanics classify as alka line and tholeiitic metabasaltic rocks. 
lt is concluded that the Bridgetown metavolcanics and the Blouberg volcanics 
represent two unrelated magmatic events. 
8.2. MAFIC AND INTERMEDIATE IGNEOUS ROCKS INTRUSIVE INTO THE 
MALMES.BURY GROUP 
Jordaan (1990) and Jordaan et al. (1994) described a few mafic and intermediate 
igneous rocks associated with the Cape Granite Suite. Two of these bodies are 
situated on the west coast at the town of Yzerfontein and on the farm Mud River (F ig. 
8.2) . Their main constituents are monzonite and monzogabbro respectively. Four 
more bod ies, consist ing of three small plutons and a set of dykes occur inland near 
the town of Malmesbury (Fig. 8.2). The dykes consist of porhyritic granodiorite and 
the plutons of gabbro and gabbro-norite. According to Jordaan et al. (1994), 
geochemical and isotopic differences exi st between the coastal and inland bodies. 
On the modified TAS-diagram of Middlemost (1991 ), the coastal bod ies correspond 
to a transalkaline su ite and the inland bodies to a subalka line suite. On an AFM 
diagram the coastal bodies belong to a calca lkal ine series while the inland bodies 
are tholeiitic. The Ti/1 OO-Zr-Y*3 tectonomagmatic diagram of Pearce and Cann 
(1973) , illustrates that the coasta l bod ies correspond to ca lca lkal ine basalts and the 
inland bod ies plot in the ocean-floor basalt field . Furthermore, the in land bodies 
have a higher initial 87srJ86sr rat io of 0.7087, compared to the ratio of 0.7047 for 
the coastal bodies. 
Jordaan et al . (1994) defines the Yzerfontein and Mud River plutons as mafic and 
intermediate counterparts of a potassic transalkali (high K-calcalkaline) series, with 
the younger 1-type Cape granites being the felsic end members. The mafic plutons 
at Malmesbury, however belong to a tholeiitic series and are the possible source 
rocks for the A-type granites of the Cape granite Suite. Jordaan (1990) also 
suggested the possibility of the mafic rocks at Malmesbury being related to an older 






















Figure 8.2. Locality map of mafic and intermediate igneous 
intrusions; spatially associated with the Cape Granite Suite 
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lt is therefore necessary to compare the greenstones of the Bridgetown Formation 
to the Malmesbury mafics in order to determine whether there is any magmatic 
association. Greenstone units of the Bridgetown Formation which show 
geochemical similarities with the Malmesbury mafics, are unit 9 and the younger 
intrusive dyke (unit 1 0). These two units classify as subalkaline tholeiitic basalts 
(section 5.1.2) with ocean-floor basalt characteristics according to the Ti/1 00-Zr-Y*3 
diagram of Pearce and Cann (1 973). 
Pearce element ratios constructed from conserved constituents (P, Ti and Y) will 
be used to test if units 9 and 1 0 have comagmatic relationships with the Malmesbury 
mafics. Fig. 8.3. is a PlY versus Ti!Y plot for greenstone units 9 and 10, and 
Malmesbury mafics from different localities. Ti02 , P205 and Y values were taken 
from Jordaan (1990) . Basalts derived from the same magma shouid plot around a 
single point . Although some scattering of the data points occur, it is clear that 
greenstone units 9 and 1 0 plot separately from the other mafic rocks . Another 
interesting feature is that granodiorite dyke samples from the farms Radyn and 
Uitkyk cluster around the same point. Data clustering near the x-axis represents 
gabbro norite from the farm Rozenburg . 
lt is concluded that the tholeiitic greenstone units of the Bridgetown Formation are 
not from the same magmatic lineage as tholeiit ic mafic rocks outcropping near 
Malmesbury. 1t is further deduced that more than one magmatic lineage was 
responsible for the variety of mafic plutonic rocks in the Malmesbury area. 
8.3. MARMORA TERRANE OF THE GARIEP SUPERGROUP 
The Late Proterozoic Gariep Belt forms part of a system of Pan-African mobile belts 
in equatorial and southern Africa and is believed to be linked to the Saldania Belt of 
the Western Cape Province. The Gariep Supergroup (Gariep Belt) consists of two 
major tectonostratigraphic units, the eastern Port Nolloth Zone and the western 
Marmora Terrane (Hartnady et al., 1990; Fig. 8.4.) . The Marmora Terrane can be 
subdivided into three sub-terranes namely the Schakalsberge Complex, the 
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The Schakalsberg Complex, composed of metabasic lavas of the Grootderm 
Formation and an overlying cherty and stromatoli tic dolomite sequence of the Gais 
Formation, was thrusted over the Port Nolloth Zone along the southeast-vergent 
Schakalsberge Thrust (Frimmel and Hartnady, 1992a; Fig. 8.4). In the Chameis 
Complex ultramafic and mafic blocks (0 .1 to 1 00 m size) occur with in a highly 
tectonised, metasedimentary sequence comprising interbedded chloritic, talcose, 
quartzitic, quartzo-feldspathic, dolomitic, graphitic and ferrug inous schists (Frimmel 
and Hartnady, 1992b ). Ultramafics include serpentinised metapyroxenites and 
metaperidotites, and mafic rock types include massive and layered metagabbros, 
metadolorites and metabasalts. Mafic and ultramafic bodies in the Marmora Terrane 
are considered to represent a tecton ic melange zone (Frimmel and Hartnady, 1992b) 
where mafic and ultramafic blocks were tecton ica lly emplaced in a metasedimentary 
envelope. Loca lly a sequence with pyroxen ites and peridot1tes at the base, overlain 
by massive and layered gabbro, fo llowed by basalts and hyoclastite and tuff 
horizons can be recogn ized (Frimmel et al. , 1995). Post-orogenic alkal ine plutons 
along the Bremen-Kuboos line have a Rb/Sr age of 530 ± 12 Ma and a U/Pb age of 
520 ± 12 M a (AIIsopp et al. , 1979) thus sett ing a min imum age limit for obduction of 
the Marmora Terrane onto the Port Nol loth fore land (Frimmel and Hartnady, 1992a). 
Similar to the Bridgetown Formation , the Grootderm Formation is overlain by a 
dolomite sequence. The Grootderm Formation has also been intensely 
recrystallized to greenschist facies mineral assemblages conta ining ch lorite , albite , 
epidote, actinolite and calcite (Smith and Hartnady, 1984). In many areas extrusive 
structures such as massive flows , volcan ic breccias and pillow lavas are we ll 
preserved. These structures are also preserved in metavolcanics of the Bridgetown 
Formation at Voelvle i Dam. Unfortunately, to date, no geochemical work has been 
done on the Voelvlei metavolcanics to prove their association with the Berg River 
metavolcanics of the Bridgetown Formation. Geochemically mafic rocks of the 
Gariep Supergroup show some resemblance to greenschists of the Bridgetown 
Formation, outcropping along the Berg River. In both cases the mafic rocks are 
basaltic in composition , enriched in LREE's and can be subdivided into within-plate 
metabasalts and P-type ocean-floor metabasalts (Smith and Hartnady, 1984; 
Frimmel et al. , 1995). 
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Although the Bridgetown Formation does not conta in any ultramafics, as found in 
the Chameis Complex, the possibility exi sts that an unexposed metamorphosed 
ultramafic body might be present at Spitskop (see section 6.2). 
8.4. OTHER PAN-AFRICAN VOLCANO-SEDIMENTARY ASSEMBLAGES 
lt is important to note that the majority of volcano-sediment2ry assemblages 
associated with Late Proterozoic - Early Palaeozoic Pan-African mobi le belts have 
been described as ophiolite complexes . The following examples will be discussed 
briefly: 
a) The Bou Azzer Ophiolite of the Moroccan Anti -At las (Fig. 8.5). 
b) Ophiolit ic rocks of the Mozambique Belt (Kenya and Tanzania , Fig . 8.6). 
c) Volcano-sedimentary and ophiolite assemblages of the Arabian-Nub ian Shield 
(Fig . 8.6). 
The Bou Azzer Ophiol ite includes from bottom to top, serpent inized peridotites, 
discordant layered gabbros, large stocks of quartz-d iorite , discordant layered 
gabbros, basic lavas with pillow lavas and volcano-sedimentary rocks (Leblanc, 
1981 ). In the volcano-sed imentary success ion there is an interlayered sequence of 
graywackes and calc-al kaline volcanics with suborl] inate spilitic pillow lavas which 
range in composition from basalt to dacite. Jaspilites and calcareous tuffs occur 
among the sediments and arkosic sandstones at the top of the volcano-sedimentary 
sequence. The ophiolite was abducted and dismembered into several sheets which 
were thrusted against the continental margin during the Pan-African deformation at 
about 685 Ma (Petters, 1991 ). Deformation was accompanied by greenschist facies 
metamorphism, and was followed by post-kinematic granodiorite intrusion at about 
615 Ma. 
The central zone of the Mozambique belt contains imbricated slices of mafic and 
ultramafic rocks (Fig 8.6) . The ir oph iolitic characteristics survived the high-grade 
metamorphism and intense deformation in the mobile belt (Petters, 1991 ). Berhe 
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Figure 8.6. Ophiolite belts of the northern Mozambique belt 
and the Arabian-Nubian shield (Berhe, 1990}. 
Place names are: AW, Jebel al Wask; BU, Bir Umq; T, Jebel 
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Nahal; Nu, Nuba; By, Bayuda; I, Ingessana; TD, Tulu Dimtu; 
Y, Yubdo; Ak, 1\kobo; So, Soka; A, Adola; My, Moyale; AQ, 




ophiolites of the Arabian-Nubian Shield by means of geochemical and structural data 
(Fig. 8.6) . 
The Sekerr oph iolites cons ist of a sequence of andesitic meta-volcan ics, pillow 
lavas, layered gabbros, hornblende schists, serpentinites with pod iform chromite, 
basic dykes, marble lenses and narrow bands of quartzites wh ich are believed to 
have been original chert layers, psammites and mica schists wh ich were probably 
tuffs ; and pyroclastic and turb iditic sed iments (Vail , 1988). Trace element data 
indicate a back-arc basin origin between 1.0 Ga and 663 Ma ago (Berhe, 1990). 
The Baragoi ophiolites include metamorphosed mantle dunites and sheeted dykes 
(Petters, 1991 ). Trace element data ind icate a trans ition between mid-ocean ridge 
basa lts and island-arc tho leii tes. Two separate suites of ophiolitic rocks in the 
Baragoi area yielded ages of 796 Ma and 609 Ma. 
The Moyale oph iolite includes serpentinized harzburgite and gabbros with trace 
elements showing a back-arc tecton ic setting (Berhe, 1990). it occurs as thrust 
slices among continental she lf meta-pel ites (Petters, 1991 ). 
Beyond the Kenya-Tanzania province the Mozambique belt spl its into two segments 
which are separated by a large wedge of low-grade volcano-sedimentary rocks 
containing ophiol ites, the so-called Arab ian-Nubian Shield (Fig. 8.6). The volcano-
sedimentary and ophiolite assemblages constitute the Red Sea fold and thrust be lt 
(Petters, 1991 ). The volcano-sedimentary assemblage consists of basal tic to 
andesitic calc-a lkaline volcanics of ocean ic margin and island-arc settings, and 
associated pyroclast ic volcanogenic and sha llow-water shales, siltstones and 
limestones (Vail , 1988). The ophiolites are closely associated with the volcano-
sedimentary assemblages and consist of serpentinized pyroxenites and peridotites, 
layered gabbros, sheeted dyke complexes, pillow lavas and rare siliceous bands and 
plagiogranite. 
8.5. DISCUSSION 
The Bridgetown metavolcanics have no magmatic association with either the 




Malmesbury Group. However, some phys ica l and geochemical similarit ies exist 
between the Bridgetown Formation and the age related Grootderm Formation of the 
Marmora Terrane (Gariep Supergroup) which is considered to represent oph iolitic 
material . 
Many of the volcano-sedimentary assemblages in Late Proterozoic - Early 
Palaeozoic Pan-African mobile belts have been described as possible ophiolite 
complexes. Some of them show distinctive ophiolite assemblages and others seem 
to represent partial or dismembered ophiolites. Their existence indicates major 
collision events during the Pan-African. Against this background, the Bridgetown 
Formation should be evaluated carefully as possible ophiolitic material in the 
Saldania Belt. An in depth discussion on this aspect is given in chapter 9 under the 
title "genetic considerations". 
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9. GENETIC CONSIDERATIONS 
Various authors (Rabie, 197 4a; De Villiers , 1969 and Hartnady et al., 197 4) 
considered the greenstones of the Bridgetown Formation to be both intrusive and 
extrusive. The rather common occurrence of ophiolite complexes in Pan-African 
mobile belts (section 8.5) , increases the possibility that the Bridgetown Formation 
might be ophiolitic. Dunlevey (1988 and 1992) suggested that the Bridgetown 
Formation may be an ophiolite complex. lt is therefore necessary to compare each 
lithological component of the Bridgetown Formation with a typical ophiolite 
assemblage. 
The term "ophiolite" has been defined by a consensus statement of those present at 
the GSA Penrose Conference, 1972 (Lord, 1991 ). "Ophiolite", refers to a distinctive 
assemblage of mafic to ultramafic rocks. In a completely developed ophiolite the 
rock types occur in the following sequence, starting from bottom to top: 
(i) an ultramafic complex, consisting of variable proportions of harzburgite, lherzolite 
and dunite, usually with a metamorphic tectonic fabric (more or less serpentinised). 
(ii) a gabbroic complex, normally with cumulus textures commonly containing 
cumulus peridotites and pyroxenites and usually less deformed than the ultramafic 
complex. 
(iii) a mafic sheeted dyke complex. 
(iv) a mafic volcanic complex, commonly pillowed. 
Associated rock types include: 
(1) an overlying sedimentary sequence typically including ribbon cherts, thin shale 
interbeds, and minor limestones; 
(2) podiform bodies of chromite generally associated with dunite; 
(3) sodic felsic intrusive and extrusive rocks. 
An ophiolite may be incomplete, dismembered or metamorphosed, in which case it 
should be called a partial, dismembered, or metamorphosed ophiolite. Although 
ophiolite generally is interpreted to be oceanic crust and upper mantle, the use of 




Ore deposits often associated with ophiolite complexes include stratabound 
massive sulfides within the pillow lava section, podiform chromite within peridotites, 
iron and nickel laterites which develop on peridotites, asbestos within serpentinized 
peridotites and PGE mineralization within the ultramafic and gabbroic complexes 
(Coleman, 1977). 
The following components of the Bridgetown Formation might be correlated with 
some of the above mentioned ophiolite components : 
(i) The occurrence of Ni- and Cr-rich banded chert and talc masses in association 
with a chlorite schist may indicate the possible presence of a metamorphosed 
ultramafic complex at Spitskop. 
(ii) An igneous body at Brewelskloof, near the town Worcester, is in concordant 
contact with the upper part of the Brandwacht Formation (Hartnady et al. , 1974). 
There has been some speculation that it may be an overthrust part of the adjacent 
Swartland terra ne (Hartnady et al. , 1984 ). This body has been described as a diorite 
(map compiled by the University of Stellenbosch , 1948); a biotite eucrite (De Villiers 
et al., 1968); and a meta-andesite (Hoa l, 1978; Hartnady et al. , 1984 ). The igneous 
body is highly altered and is characterized by the greenschist facies assemblages 
quartz-albite-chlorite-biotite-epidote (Hoal, 1978). The decussate growth of biotite 
post-dates the formation of a penetrative regional foliation (S1). Large quartz- and 
calcite-filled 'amygdales' , enveloped by the foliated matrix, are present. 
Geochemical analyses on the igneous rocks at Brewelskloof was done by Byers 
(1975) . He classified the rocks as calc-alkaline . The andesitic nature was confirmed 
by Hoal (1978) by means of the Zr/Ti02 - Nb/Y discrimination diagram of Winchester 
and Floyd (1977). The igneous body is well-mineralized with disseminated pyrite 
which occurs as late euhedral growths overprinting S1. Gold-anomalies have been 
detected in streams draining the area. lt is evident that little is known about this 
body. Further petrographical and geochemical investigation of this rock type is 
necessary for positive identification. Although this body is not regarded as part of 
the Bridgetown Formation, the possibility of it representing the high level gabbroic 
complex of an ophiolite should be considered. 
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iii) Greenstones outcropp ing along the Berg River and at Voelvle i Dam may 
represent the mafic volcan ic complex of an ophiolite sequence. The greenstones 
along the Berg River comprises tuffs with an alkaline basaltic composition , and 
alkaline and tholeiitic metabasalts, interlayered with metasediments, as well as a 
younger intrusive tholeiitic metabasite. Although few volcanic textures (e.g. graded 
bedding in tuffs) were recognized in the greenstones along the Berg River, volcan ic 
flow textures, volcanic breccias and pillow structures have been described in the 
Voelvlei metavolcanics. To date, no geochemical work has been done on the 
Voelvlei metavolcanics. lt is therefore recommended that a comparative study 
should be done between greenstones along the Berg River and greenstones at 
Voelvlei Dam. To date, no massive sulfide deposits have been found in this mafi c 
volcanic complex. 
(iv) Rock types associated with the Bridgetown greenstones include jasper-rich 
cherts , massive and oolit ic cherts , thin muscovite-quartz schist and graphitic schist 
interbeds and dolomite. 
Although certain features of the Bridgetown Formation resemble those of an 
ophiolite sequence, this study does not permit a final conclusion to be reached on 
this matter. The following conceptual model , showing the Bridgetown Formation as 
part of a dismembered ophiolite , is presented here to illustrate the possible 
sequence of geological events that led to its formation (Fig. 9.1 ). 
1) During the interval 900 to 700 Ma, continental rift and drift led to the formation of 
the Adamastor Ocean west of the Khalahari Craton (Hartnady, 1991 ; Unrug, 1993). 
Malmesbury sediments were deposited on the rift margin and oceanic crust 
generated during spreading (Fig. 9.1 A; Siegfried, 1993; De Beer et al., 1982). 
2) During rifting and deposition of the Malmesbury sediments plume related 
intraplate volcanism occurred on cold oceanic crust, probably halfway between the 
spreading centre and the eastern rift margin (Fig. 9.1 B) . Volcanic activity was 
related to upwelling thermochemical plumes derived from the deep mantle. The 
sequence of eruptive stages is modeled after Hawaiian volcanism (Ciague, 1987). 
The initial deep water stage of Hawaiian volcanism is characterized by lenticular, 
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Figure 9.1. Diagrammatic representation of the sequence of events during the evolution of 
the Bridgetown Formation. 
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massive flow and pillow basalts which build up steep slopes, surrounded by minor 
pillow breccias on the flanks. As the seamount builds up, a critical water depth is 
reached when gases in the lava are explosively released . At this stage the products 
of explosive volcanism (e.g. ash, lapilli and pumice) increase markedly relat ive to the 
proportion of lava flows . A thick tephra cap to the deep water lavas below is 
produced, and slumping of such material produces an apron of volcaniclastic debris. 
Compositionally Hawaiian volcanism is characterized by four sequential eruptive 
growth stages: early submarine (alkalic) , main submarine to subaerial edifice 
(tholeiitic) , post-caldera (alkalic) and post-erosional (high alkalic; Floyd, 1991 ). The 
Hawaiian strat igraphy shows some resemblance to the present stratigraphic 
interpretation of the Bridgetown Formation, namely a basal unit of alkaline 
metabasalt (unit 6) , an intermediate unit of tholeiitic metabasalt (units 7 and 9) and 
an upper unit of alkaline metabasalt (units 4, 3 and 11) interlayered with metatuff 
(unit 1) of alkaline basaltic composit ion. The correlation between the Hawaiian 
volcanic stratigraphy and the present stratigraphic interpretation of the Bridgetown 
Formation volcanics supports the inferred upward facing direction of the Bridgetown 
Formation . In the case of the Bridgetown Formation the shallow water alkaline stage 
(post-caldera) occurred contemporaneously with deposition of shales, carbonates 
and oolitic and massive chert. Carbonates in contact wi th the Mg-rich basa lt ic rocks 
underwent dolomitization due to a supplementary source of Mg to subsurface 
waters . 
3) Closure of the oceanic basin through subduction on one or more sides occurred 
between 700 to 600 Ma. Eastward subduction underneath the Ka lahari Craton, 
· partly overlain by sediments of the Malmesbury Group, is postulated (Fig. 9.1 C) . 
Malmesbury sediments, scraped off the oceanic crust, accumulated as melange in 
the subduction trench. 
4) The oceanic crust probably included seamounts of oceanic islands which were 
also presented to the subduction mechanism. lt is proposed that during 
convergence these hot mechanically weak segments of oceanic crust and upper 
mantle, laced with magma chambers , were dismembered and tectonically emplaced 




A detailed geological and geochemical study was conducted on the Bridgetown 
Formation of the Malmesbury Group, outcropping along the Berg River, 20km east of 
the town Moorreesburg . 
a) The Bridgetown Formation consists of the following rock types , starting from the 
inferred bottom: 
i) A basal unit consisting mainly of poorly differentiated alkaline metabasalt with a 
within-plate tectonomagmatic fingerprint. 
ii) An intermediate unit consisting of poorly differentiated thole iitic metabasalt, 
intruded by a younger thole ii tic metabasite with a low degree of differentiation. Both 
have ocean-floor basalt (P-type MORB) and island arc basalt fingerprints . 
iii) An upper unit consisting of poorly differentiated as well as more evolved alkaline 
metabasalts, interlayered with metatuffs with an alkaline basaltic composition , 
metasedimentary rocks with a marine orig in, and graph itic schists and muscovite-
quartz schists, both with a continental crust provenance. 
iv) An overlying metasedimentary sequence including dolomite, massive and oolitic 
chert , jasper and jaspilite. 
The stratigraphy and the geochemistry of the Bridgetown metavolcanics resemble 
Hawaiian volcanism which comprises four eruptive growth stages: early submarine 
(alkalic) , main submarine to subaerial edifice (tholeiitic), post-caldera (alkalic) and 
post-erosional (highly alkalic). 
The Bridgetown Formation probably also compnses an unexposed lower 
metamorphosed ultramafic unit. Indications of the presence of a metamorphosed 
ultramafic unit were found at Spitskop, situated directly northwest of the main 
greenstone body. Small Ni- and Cr-rich talc bodies, Ni- and Cr-rich banded chert , 
chlorite schist with albite porphyroblasts , and small fingerlike dolomite-talc-chlorite 
bodies at Spitskop are units often associated with serpentinites. 
This meta-volcano-sedimentary sequence exhibit the following general trends: 
i) an increase in the more evolved magmas, and 
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ii) the ratio of sedimentary rocks, pyroclast ic material and chemical precipitates to 
mafic flows increases stratigraph ically upwards. 
b) The metasediments and metavolcanics of the Bridgetown Formation, as well as 
metasedimentary rocks in contact with the Bridgetown Formation, have suffered 
polyphase deformation. A we ll -defined foliation with a general NNW-SSE strike is 
present in all the rock types (exciL·ding chert and dolomite) . The foliation was 
regionally folded into antiformal structures and locally into small near-upright tight 
folds. Faulting within the Bridgetown Formation is obscured by poor exposure of the 
metavolcanics which are very suscept ible to weathering . The Bridgetown Formation 
is included in the Boland tectonic domain by placing the Piketberg-Wellington fault 
zone Skm west of Heuningberg, subparal lel to the Berg River. Th is agrees with 
Rabie's (197 4b) original subdivision of the tectonic domains. 
c) The Bridgetown Formation has experienced metamorphism up to the lower 
greenschist facies , which coincides with the metamorphic grade of the surrounding 
metasediments. The Bridgetown Format ion and the surrounding Malmesbury beds 
have been subjected to the same regional metamorphic event which was probably 
contemporaneous with the main deformation event. 
Metavolcanic rocks of the Bridgetown Formation consist of the following 
metamorphic minerals: albite (Ano-2) . acti noli te, epidote, calcite, chlorite , titanite , 
magnetite, ilmenite and muscovite. Some quartz is always present. Many 
combinations of these minerals occur depending on the chemical composition of the 
original rock, the degree of deformation of the rock and the degree of alteration. 
Unit 10, the younger tholeiitic dyke, is the only unit which contains relict igneous 
minerals (e.g. augite). 
d) The Bridgetown metavolcanics have no magmatic association with either the 
Bloubergstrand volcanics or mafic and intermediate plutonic rocks in the 
Malmesbury Group. However, some physical and geochemical similarities e~ist 
between the Bridgetown Formation and the age related Grootderm Formation of the 
Marmora Terrane (Gariep Supergroup) which is considered to represent ophiolitic 
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material. Many volcano-sed imentary assemblages in the Late Proterozoic - Early 
Palaeozoic Pan-African mobile belts have been described as possible ophiolite 
complexes. The Bridgetown meta-volcano-sedimentary sequence bear some 
stratigraphic resemblances to a dismembered, metamorphosed ophiolite . 
e) The presence of both tholeiitic metabasal ts with P-type MORB and island arc 
basalt characteristics , and alkaline metabasalts w·ith within-plate basalt 
characteristics is the result of varying conditions of melting of the same source 
material in an ocean island tectonic environment. 
During deposition of the Malmesbury sediments into an ocean bas in, plume related 
intraplate volcanism occurred on cold ocean ic crust. The proposed sequence of 
eruptive stages resembled Hawaiian volcanism. The initial deep water stage was 
characterized by alkaline magmati sm, followed by a main tholeiitic edifice and post-
caldera alkaline magmatism. Post-caldera alkaline magmatism occurred 
contemporaneously with deposition of sed iments and chemical precipitates (e .g. 
carbonates and cherts). Carbonates in contact with the Mg-rich basaltic rocks 
underwent dolomitization due to a supplementary source of Mg to subsurface 
waters. 
Closure of the proposed oceanic basin through subduction underneath the Kalahari 
Craton, occurred 600 to 700 Ma ago. During this process segments of dismembered 
oceanic crust, including seamounts of ocean ic islands, were tectonically emplaced in 
an accretionary prism zone and incorporated in the Malmesbury Group as small 
greenstone bodies. 
f) To date, no ophiolite-type mineralization has been found in metavolcanic and 
metasedimentary rocks of the Bridgetown Formation. However, the younger 
intrusive metabasite (unit 1 0) has geochemical characteristics of magmas often 
enriched in PGE's. These magmas are enriched in MgO and Cr and depleted in Ti, 
Ta, Nb and HREE's compared to tholeiites. lt is suggested that further studies on 
the metabasite should include PGE-analysis. 




i) Au- and As-bearing brittle deformed clear to milky quartz ve ins which developed 
along zones of competency contrasts in all the lithologies in the Spitskop area. To 
date, very few gold analyses have been done on the quartz veins and they require 
further investigation. 
ii) Pb-Zn-(Ag)-bearing quartz bodies. Although Au-ana lysis on one sample revealed 
only traces of gold (70 ppb) , the possibility of gold mineralization in these bodies 
should not be excluded on account of one sample. 
iii) Small irregular talc bodies with an exceptionally high Ni (3691 ppm) and Cr (2221 
ppm) content. These bodies are probably associated with a serpentinized ultramafic 
body which may have Ni, Cr and PGE mineral ization potential. 
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APPENDIX 
1. ANALYTICAL TECHNIQUES 
1.1. SAMPLE PREPARATION 
Borehole core from twelve boreholes were halved and samples of approximately 20 
cm in length were collected from one of the halves. Samples of approximately 20 kg 
were also collected in the field and reduced to fist size by sledgehammer. Samples 
were further crushed by jawcrusher and roller mill. Representative samples of 200 g 
were selected by coning and quartering and powdered in a Siebtechn ik swing-mill. 
1.2. MAJOR AND TRACE ELEMENT ANALYSIS 
Major and trace element analyses were done by X-ray fluorescence (XRF) on a 
Ph i lips 1410 spectrometer, located in the Department of Geology at The University 
of Stellenbosch . Major element analyses were done on Norrish fus ion penn ies 
which were made according to the technique described by Norrish and Hutton 
(1969). Trace elements and chromium were determined on powder briquets , 
consisting of a Moviol solut ion and 8 g of powdered sample. Water content was 
determined by weighing and overnight drying of samples at 1 00°C . Loss on ign ition 
was measured by roasting samples at 1 000°C. Spectrometer data were corrected 
for absorption and matrix effects by microcomputer. 
Major and Trace element analyses (includ ing Corg- and sulfur-content) of graphitic 
samples were done by J.H. Elsenbroek at the Geological Survey in Pretoria. 
1.3. FEO ANALYSIS 
Fe2+ was determined according to the method described by Peck (1964) . The 
sample (0.5 g) and water (1 m!) are added to a 50 ml platinum crucible to form a 
slurry. A mixture of water (5 m!) , HF (5 m!) and H2S04 (5 m!) is added to the slurry 
which is then heated to dissolve the sample. Dilute 100 m! of the dissolving solution 
to 300 m! and add 2 drops of 0,2% sodium diphenylamine sulfonate indicator. Lower 
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crucible with content into dissolving solution and tritrate resultant solution against 
the potassium dichromate solution until a purple colour is retained for 30 seconds. 
FeO is calculated as follows: ml K2Cr207 * 0.9 = FeO% 
1.4. RARE EARTH ELEMENTS 
Rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er and Yb) of selected 
crushed whole rock samples were analyzed by means of Inductively Coupled 
Plasma Atomic Emission Spectroscopy (ICP-AES) at the University of Stellenbosch. 
Sample preparation was done accord ing to the method of Govindaraju and Mevelle 
(1987). Powdered whole rock material (0.5 g) in a platinum crucible are heated for 
two hours at 800°C. After cooling , LiB02 (1.5 g) is added and the contents is mixed 
well. The contents is then transformed into a fusion bead by melting (over a gas 
burner) and quick cooling . The platinum crucible and the bead are placed in a 150 
ml glass beaker containing a magnetic stirring rod . A 100 ml volume of complexing 
solution is added. The complexing solution is prepared by mixing 50 g of oxalic acid , 
500 ml of 14.5 M HCL, 25 ml of H202 and distilled water to make up the volume. 
The contents of the beakers are stirred magnetically for 3 hours or overnight. 
Subsequently, clear solutions are obtained . 
Rare earth elements were extracted by using resin columns (Amberlite 120 GC , 100-
200 mesh). The columns are prepared by pumping through 10 ml 5 M HCL. The 
sample solution (35 ml) is pumped through the resin, followed by 10 ml 2 M HN03 to 
extract all residue Ca and Mg. An eluting solution (1 0 ml of 7.25 M HCL) is used to 
extract the REE's. The REE solution is dried, and later dissolved in 5 ml 4 M HCL 
for ICP analysis . 
Analyses were done by a Philips ICP - plasma source and a RSV optical 
spectrometer. Samples and standards were counted on 16 channels . A multi-
element standard and spectrometric blank were also included to correct peak shifts. 
The precision obtained is better than 5%. 
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1.5. OXYGEN ISOTOPE ANALYSIS 
Oxygen isotope analyses performed by Dr. C. Hqrris at the University of Cape Town. 
Mineral separates were obtained by sieving and initial magnetic sorting, followed by 
handpicking . The separates were cleaned in warm 20% HCL to aid identification of 
impurities and to remove iron oxides. Oxygen isotope analyses were made 
according to well-established procedures using CIF3 as reagent (Borthwick and 
Harmon, 1982). The results are reported in units of per mil relative to Vienna 
standard mean ocean water (V-SMOW). 
1.6. MICROPROBE ANALYSIS 
Microprobe analyses were performed at the University of Cape Town, using standard 
procedures. A Camebax Microbeam electron microprobe (Model MBX) was used. 
Acceleration voltage 
Beam current 
Peak counting time 
Background counting time 
Corrections 
Standards 





:ZAF correction factors 
:Set of mineral and synthetic standards 
The statistical package BMDP was run on a VAX main frame computer to perform 
discriminant analysis and factor analyses. The following programs were used for 
word processing and data reduction : AS-EASY-AS V.5, MS WORD V.5, and 
microsoft WINDOWS V.4.1 (EXCEL V.5). CIPW norm calculations and values for 
magmatic classification diagrams were done with the PETMIN program. 
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Locality and description table . 
Sample positions in borehole core (Site A) . 
Sample positions in borehole core (Site B). 
Sample positions in borehole core (Site C). 
Whole rock major element chemistry of greenstone units. 
Whole rock trace element chemistry of greenstone units. 
Whole rock rare earth element chemistry. 
C.I.P.W. norms. 
Incompatible element content of greenstone units of the Bridgetown 
Formation , an average N-type MORB, E-type MORB and ocean-island 
basalt; normalized to a primitive mantle composition . 
Feldspar mineral chemistry of greenstone units. 
Chlorite mineral chemistry of greenstone units . 
Amphibole mineral chemistry of greenstone units. 
Amphibole classification diagram (Giret et al. , 1980). 
Epidote mineral chemistry of greenstone units. 
Titanite mineral chemistry of greenstone units. 
Pyroxene mineral chemistry of greenstone unit 10. 
Ca-Mg-Fe clinopyroxene classification diagram (Morimoto, 1989). 
Mica mineral chemistry of greenstone unit 5. 
Spine! mineral chemistry of banded chert at Spitskop. 
Mica mineral chemistry of banded chert at Spitskop. 
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NO. UNIT ROCKTYPE BH NO. LOCATION 
NS3 1 lgreenstone AW1 Vogelstruisdrift 
NS6 1 lgreenstone AW1 Vogelstruisdrift 
NS7 1 lgreenstone AW1 Vogelstruisdrift 
NS21 1 I greenstone AW2 Vogelstruisdrift 
NS24 1 I greenstone AW2 Vogelstruisdrift 
NS28 1 lgreenstone AW2 Vogelstruisdrift 
NS31 1 lgreenstone AW2 Vogelstruisdrift 
NS195 1 lgreenstone AW2 Vogelstruisdrift 
NS10 2 lgreenstone AW1 Vogelstruisdrift 
NS13 2 lgreenstone AW1 Vogelstruisdrift 
NS36 3 greenstone AE1 Matjiesrivier 
NS37 3 greenstone AE1 Matjiesrivier 
NS39 3 greenstone AE1 Matj iesrivier 
NS41 3 greens tone AE1 Matjiesrivier 
NS44 3 greenstone AE1 Matjiesrivier 
NS46 3 greenstone AE1 Maljiesrivier 
NS196 3 greenstone AE1 Matjiesrivier 
NS173 4 greenstone CE1 Toorkrans 
NS175 4 greens tone CE1 Toorkrans 
NS176 4 greenstone CE1 Toorkrans 
NS178 4 greens tone CE1 Toorkrans 
NS181 4 greens tone CE1 Toorkrans 
NS182 4 greens tone CE1 Toorkrans 
NS183 4 greenstone CE1 Toorkrans 
NS184 4 greenstone CE1 Toorkrans 
NS185 4 greenstone CE1 Toorkrans 
NS187 4 • greenstone CE1 Toorkrans 
NS188 4 .greenstone CE1 Toorkrans 
NS190 4 'greens tone CE1 Toorkrans 
NS191 4 lgreenstone CE1 Toorkrans 
NS49 5 greenstone AE2 Matjiesrivier 
NS197 5 ~greenstone AE2 Matjiesrivier 
NS57 6 I greenstone BW2 Vogelstruisdrift 
NS60 6 lgreenstone BW2 Vogelstruisdrift 
NS72 6 I greens tone BW2 Vogelstruisdrift 
NS76.2 6 lgreenstone BW2 Vogelstruisdrift 
NS64 7 lgreenstone BW2 Vogelstruisdrift 
NS69 7 greens tone BW2 Vogelstruisdrift 
NS198 7 I greens tone BW2 Vogelstruisdrift 
NS74 8 lgreenstone BW2 Vogelstruisdrift 
NS76.1 8 greens tone BW2 Vogelstruisdrift 
NS86 9 lgreenstone BW1 Vogelstruisdrift 
NS90 9 I 91 eenstone BWl Vogelstruisdrift 
NS92 9 lgreenstone BW1 Vogelstruisdrift 
NS93 9 lgreenstone BW1 Vogelstruisdrift 
NS96 9 lgreenstone BW1 Vogelstruisdrift 
NS97 9 lgreenstone BW1 Vogelstruisdrift 
NS98 9 greens tone BW1 Vogelstruisdrift 
NS100 9 greenstone BW1 Vogelstruisdrift 
NS102 9 greenstone BW1 Vogelstruisdrift 
NS103 9 greens tone BW1 Vogelstruisdrift 
NS107 9 greenstone BE1 Toorkrans 
NS109 9 greenstone BE1 Toorkrans 
NS112 9 greens tone BE1 Toorkrans 
NS115 9 greens tone BE1 Toorkrans 
NS121 9 greenstone BE1 Toorkrans 
NS142 9 greenstone CW1 Vogelstruisdrift 
NS147 9 greenstone CW1 Vogelstruisdrift 
NS149 9 greenstone CW1 Vogelstruisdrift 
NS151 9 greens tone CW1 Vogelstruisdrift 
Table 1. Locality and description table. 
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NO. UNIT ROCKTYPE BH NO. LOCATION 
NS152 9 I greens tone CW1 Vogelstruisdrift 
NS154 9 I greens tone CW1 Vogelstruisdrift 
NS157 9 I greenstone CW1 Vogelstruisdrift 
NS161 9 lgreenstone CW1 Vogelstruisdrift 
NS80 9 lgreenstone BC1 Berg River 
NS82 9 lgreenstone BC1 Berg River 
NS193 9 lgreenstone BC1 Berg River 
NS194 9 greenstone BC1 Berg River 
NS123 10 greenstone BE2 Toorkrans 
NS124 10 greenstone BE2 Toorkrans 
NS126 10 greens tone BE2 Toorkrans 
NS127 10 greens tone BE2 Toorkrans 
NS128 10 greenstone BE2 Toorkrans 
NS129 10 greens tone BE2 Toorkrans 
NS130 10 greenstone BE2 Toorkrans 
NS132 10 greens tone BE2 Toorkrans 
NS134 10 greens tone BE2 Toorkrans 
NS135 10 greenstone BE2 Toorkrans 
NS136 10 greenstone BE2 Toorkrans 
NS138 10 greens tone BE2 Toorkrans 
NS140 10 greens tone BE2 Toorkrans 
NSF/2.5 11 greens tone Drie Heuwels 
NSF/2.6 11 greens tone Drie Heuwels 
NSF/2.7 11 greenstone Drie Heuwels 
NSF/2.8 11 greenstone Drie Heuwels 
NS17 1graphitic schist AW2 Vogelstruisdrift 
NS18 !graphitic schist AW2 Vogelstruisdrift 
NS19 lgraphitic schist AW2 Vogelstruisdrift 
NS20 lgraphitic schist AW2 Vogelstruisdrift 
NS51 lgraphitic schist AE2 Matjiesrivier 
NS54 lgraphitic schist AE2 Matjiesrivier 
NS55 lgraphitic schist AE2 Matjiesrivier 
NSF/2.1 shale Tweevlei 
NSF/2.2 shale Tweevlei 
NSF/2.3 shale Tweevlei 
NSF/2.4 shale Tweevlei 
NS162 dolomite CE1 Toorkrans 
NS164 dolomite CE1 Toorkrans 
NS166 dolomite CE1 Toorkrans 
NS168 dolomite CE1 Toorkrans 
NS169 dolomite CE1 Toorkrans 
NS177 dolomite CE1 Toorkrans 
NSF/1 .1 dolomite Bridgetown 
NSF/1 .2 dolomite Bridgetown 
NSF/1.3 dolomite Bridgetown 
NSF/1 .4 dolomite Bridgetown 
NSF/3.1 chert De Pont 
NSF/3.2 chert De Pont 
NSF/3.4 chert Palestina 
NSF/3.5 chert Palestina 
NSF/3.6 chert Tweevlei 
NSF/7 chert Vogelstruisdrift 
NSF/12 chert Vogelstruisdrift 
NSF/11 banded chert Spitskop 
NSF/6 banded chert Spitskop 
NSF/9 chlorite schist Spitskop 
NSF/10 steatite Spitskop 
NSF/5 quartz Spitskop 
Table 1 (cant.) 
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Un~ No. SiO, TiO, Al ,o , Fe101 FeO M nO M gO CaO Na ,o K,O 
1 NS3 46.30 2.93 14.64 2.55 8.82 007 7.53 419 3 46 
1 NS6 44.16 2.77 14.00 2 52 8.62 010 6.97 660 2.98 
1 NS7 43.80 2.96 14.60 1.83 9.18 0.08 8.71 5.47 2.66 
1 NS21 52.63 2.65 16.36 2.66 8.26 003 5.55 0.74 3.55 
1 NS24 44.19 2.71 14.89 2.66 9.72 009 6.93 5.14 1 45 
1 NS28 84.96 1.10 13.65 1.03 5.40 0.03 3.16 1.15 1 48 
1 NS31 46.16 2.16 13.88 1.45 7.65 0.15 4.12 8.77 2.76 
1 NS195 55.16 2.08 15.67 1.62 7.90 0.05 4.98 1.48 1.68 
2 NS10 41 .02 4.72 13.90 3.05 10.71 0.23 4.34 7.34 5.09 
2 NS13 45.33 4.92 14.53 2.81 9.99 0.17 3.96 5.28 6 20 
3 NS36 41 .54 2.23 14.76 4.21 7.65 0.12 13.71 3.71 1.93 
3 NS37 42.13 1.88 12.07 6.52 4.75 0.17 7.64 10.81 4.09 
3 NS39 37.85 1.84 10.54 7.22 4.32 0.18 6.64 14.68 2.92 
3 NS41 42.31 2.40 13.92 6.69 7.02 0.13 10.00 5.46 3.10 
3 NS44 41 .22 2.00 12.15 6.71 6.12 0.15 6.98 8.18 2.77 
3 NS46 49.42 1.93 12.50 7.69 4.32 0.09 6.23 5.52 419 
3 NS196 42.66 2.18 13.18 5.26 7.20 0.15 11 .17 6.21 2.08 
4 NS173 40.46 3.23 12.43 9.01 4.93 0.20 8.07 7.29 1.30 
4 NS175 39 26 3.21 11 .79 6.98 6.10 0.22 10.96 7.66 2.75 
4 NS176 34.81 2.17 9.94 4.56 5.38 0.20 9.22 15.82 1.93 
4 NS178 35.28 2.28 10.66 3.95 6.35 0.18 9.60 13.53 2.38 
4 NS181 39.08 2.37 10.90 5.17 5.56 0.18 9.43 11 .67 2.12 
4 NS162 44.31 3.61 16.44 7.33 8.33 0.06 8.46 1.17 0.05 
4 NS183 40.04 3.12 14.28 6 81 9.47 0.14 10.26 3.79 0.08 
4 NS184 35.69 2.11 10.07 5.02 5.22 017 9.66 14.71 1.62 
4 NS185 40.06 2.67 12.37 5.71 6.44 016 gag 9.00 3.99 
4 NS187 40.74 2.68 12.81 6.10 6.50 0.15 9.02 8.73 4.03 
4 NS188 27.53 1.98 899 3 24 5.40 0.16 10.39 20.43 0.92 
4 NS190 42.35 2.75 12.39 668 6.64 0.16 8.69 7.74 4.71 
4 NS191 29.73 1.94 9.08 4.04 4.95 015 9.92 18.90 1.89 
5 NS49 50.07 1.22 14.00 1.32 10.05 0 40 11 .89 0.68 0.08 
5 NS197 52.04 1.23 1526 1.05 8.78 0 21 1063 0.63 0.01 
6 NS57 45.35 1.74 14 32 5 73 4.64 0.08 10.35 561 2.27 
6 NS60 40.87 1.66 14.33 808 3 87 007 8.88 808 2 52 
6 NS72 48.74 1.57 14.08 7.32 3 24 013 9.99 4.74 5.56 
6 NS76.2 45.06 1.89 15.45 9.38 306 011 9.31 3.92 5.32 
7 NS64 48.20 1.24 15.14 8.78 3.02 0.10 6.52 5.30 7.12 
7 NS69 50.50 1.21 1537 9.32 2.75 010 5.21 5 40 7.69 
7 NS198 48.09 1.11 13.81 9.14 1.46 012 2.98 10.56 7.13 
8 NS74 45.96 1.75 14.82 4.77 4.68 0.20 12.17 506 4.45 
8 NS76.1 47.11 1.82 1510 3.38 4.30 016 13.13 3 79 3.26 
9 NS147 40.59 1.27 13 60 6 32 4.95 0.16 10 59 10 98 2 33 
g NS80 44 .02 1.34 14 62 8.10 3.44 012 9.42 9 46 0 24 
9 NS62 44 .66 1.45 14.43 11 .88 1.22 012 8.29 7.64 4.13 
9 NS86 42.90 1.29 1506 7.52 4 14 016 1102 6 69 1 69 
9 NS90 41 65 1 33 16 32 7 35 4.66 014 12 81 7.60 1 29 
g NS92 46.27 1.16 14.14 7.16 4.43 0.13 11 .98 7.42 0.03 
g NS93 41 .41 1.23 15.03 7.22 500 013 13.16 9.03 019 
9 NS96 45.16 1.17 14.43 6.34 4.50 0.14 12.91 7.10 2.51 
g NS97 46.38 1.12 14.40 6 87 396 0.13 11 .64 6 43 2.95 
g NS96 40.08 1.54 15.88 6.44 6.57 0.15 15.94 3.73 0.08 
g NS100 46.46 1.16 14.05 6.75 4.14 0.12 11 .89 8.18 0.65 
9 NS102 47.42 1.26 14.61 6 82 4.05 010 11 .45 583 1.72 
9 NS103 37.97 1.47 16.61 691 6.08 015 15.20 656 0.08 
g NS107 41 .21 1.19 15.33 11.48 056 0.13 14.29 7.43 040 
g NS109 49.26 1.26 14.87 7.88 3.56 0.14 7.19 8.31 2.72 
g NS112 46.50 1.42 16.16 11 .08 3.06 019 6.60 7.04 4.25 
9 NS115 39.20 1.50 15.81 4.83 8.30 013 15 97 5.42 0.08 
g NS121 45.86 1.24 14.26 7.75 3.96 0.14 9.23 9.32 3.24 
g NS142 35.72 1.39 14.37 7.35 6.30 0.14 15.38 7.51 1.29 
g NS149 42.52 1.12 11 .96 6.74 2.72 0.12 5.52 13.56 5.62 
g NS151 40.78 1.56 15.82 4.22 8.71 0.16 12.79 4.91 1.54 
g NS152 39.00 1.31 13.66 1.04 9.54 0.16 13.10 7.88 1.21 
g NS154 42.95 1.28 13.13 2.32 7.38 0.12 8.08 1005 3.69 
g NS157 44.17 1.26 14.04 4.79 6.35 0.12 8.99 7.65 0.95 
9 NS161 4501 1.54 14.56 2.56 7.56 0.08 10.31 4.72 2.54 
g NS193 45.22 1.08 13.71 7.29 3.62 011 10.55 8.09 1.56 
9 NS194 42.14 1.23 13.69 8.91 2.52 0.15 6.65 13.37 2.90 
10 NS123 43 24 1.00 13.06 3.02 8.19 0.16 14.70 8.26 1.59 
10 NS124 45.20 0.99 12.40 2.82 7.74 0.16 14.04 8.60 2.51 
10 NS126 41 .60 0.72 10.08 3.20 6.30 0.16 19.46 8.17 0.54 
10 NS127 40.94 0.72 10.29 4.91 6.87 0.16 . 20.25 7.66 0.38 
10 NS128 40.35 0.70 10.54 3.51 8.19 0.17 21 .06 6.69 0.08 
10 NS129 40.88 0.68 9.48 2.60 9.14 0.17 21 .91 7.56 0.08 
10 NS130 40.79 0.71 10.69 3.17 8.28 0.16 ' 20.38 6.90 008 
10 NS132 43.14 0.73 11 .44 1.85 884 0.16 17.91 8.16 0.53 
10 NS134 42.88 0.75 11 .93 212 8.55 0.15 18.05 7.94 1.57 
10 NS135 42.29 0.76 11 .57 2.02 8.93 0.16 18.42 7.92 069 
10 NS138 41 .22 0.76 10.99 1.97 8.82 0.16 17.92 8.03 1 32 
10 NS138 42.96 0.86 11 .54 2.07 9.20 0.17 17.71 8.59 0.65 
10 NS140 41 .98 0.88 11 .59 2.30 9.00 0.16 17.83 8 52 0.57 
11 NSF/2.5 44 .31 3.59 14.61 5.71 6.93 0.18 4.95 11 .62 0.78 
11 NSF/2.6 44 .08 3.53 14.39 5.94 6.35 0.15 4.73 12.04 0 76 
11 NSF/2.7 43.46 3.64 14.96 5.48 7.07 0.17 4.57 11 .73 1.31 
11 NSF/2.8 43.89 3.50 14.09 5.26 6.26 017 4.21 12.43 2.15 
Major elements in weight percent oxide. 
Table 2. Whole rock major element chemistry of 
greenstone units. 
P,o , H,o. H20+ TOTAL 
0 69 0.48 J .25 6.45 9940 
0.95 0.46 018 8.17 99.70 
0.95 0 48 0.25 7.73 99.60 
1.10 055 066 4.07 99.60 
1.55 0.43 0.30 7.51 98.95 
2.96 0.13 0.18 3.12 98.95 
1.71 0 39 0.28 8.87 99.20 
2.92 0 32 0.19 4.25 99.20 
0.33 1.96 0.23 5.62 99.75 
0.28 2.10 0.33 3.45 100.30 
1.00 0.27 1.31 6.72 100.10 
1.51 0.25 0.21 7.89 100.60 
1.69 0.20 0.21 11 .52 100.20 
1.30 0.33 0.19 6.01 99.75 
1.75 0.29 0.23 8.19 99.50 
2.34 0.28 0.15 4.63 99.85 
1.03 0.29 0.26 7.30 99.85 
0.77 0.42 0.94 9.72 99.40 
0.31 0.43 0.46 8.61 99.70 
0.29 0.43 0.39 13.98 99.65 
0.17 0.47 0.29 13.04 99.15 
0.10 0.47 0.45 11 .31 99.55 
2.73 0.77 0.38 5.36 100.10 
1.63 0.66 0.31 8.55 100.50 
0.07 0.43 0.29 14.03 9960 
0.13 0.54 0.35 8.11 99.45 
0.37 0.55 0.32 7.81 100.60 
0.15 0.42 0.31 18.43 99.00 
0.74 056 0.32 640 101 .00 
0.27 0.39 0.30 16.83 9900 
1.46 0.48 0.47 6.96 100.20 
217 0.44 0.48 6.29 10030 
1.31 0.19 0.25 7.67 100.10 
1.79 029 0.25 8.65 100.05 
0.25 0.17 0.25 4.47 101 .00 
0.65 0.22 0.23 5.56 100.55 
0.15 0.13 0.30 5.23 101 .65 
0.11 0.14 0.19 3.05 101 .45 
0.23 0.10 0.23 5.75 100.95 
0.31 0.20 0.19 5.04 100.20 
0.37 0 21 0.22 6.85 100.20 
0.29 013 0.13 0.25 96.60 
1.68 0.13 0.29 5.98 99.30 
0.82 015 0.16 5.21 100.40 
060 012 0.20 4.48 98.45 
0.89 0.12 0.20 5.16 100.15 
1.53 011 0.19 4 46 99.65 
0.66 0.12 0.23 4.93 99.00 
0.56 0.11 0.24 4.30 100.10 
1.23 011 0.21 4.21 100.35 
1.77 0.14 0.30 7.61 101 .00 
0.89 0.11 0.19 4.43 9960 
1.52 0.13 0.21 4.35 100.00 
1.35 0.15 0.19 6.63 100.10 
1.02 0.12 0.34 5.77 99 45 
0.28 0.12 0.23 409 100.40 
0.35 0.16 0.23 3.08 100.55 
0.20 0.16 0.33 7.49 100.35 
0.45 0.11 0.26 4.13 100.50 
0.08 0.15 0.27 7.76 96.50 
036 0.09 0.31 9.85 100.90 
1.12 017 0.27 669 99.85 
0.01 0.14 0.24 10.64 99.30 
0.18 0.16 0.34 9.68 100.25 
1.34 0.10 0.40 8.09 99.20 
0.63 0.15 0.25 8.01 98 85 
0.82 0.10 0.19 5.98 98.85 
0.73 0.10 0.18 7.84 100.75 
0.01 0.08 0.88 4.77 100.00 
001 0.08 0.66 4.31 100.55 
0.31 0.09 1.29 5.66 100.95 
0.55 0.08 0.60 5.68 100.05 
0.83 0.07 1.30 6.17 100.70 
0.20 006 0.54 6.19 100.60 
0.83 0.07 0.71 6.21 100.05 
0.92 0.06 0.27 4.75 99.90 
0.30 0.06 0.34 5.05 100.60 
0.31 0.06 0.23 5.06 99.60 
0.32 0.07 0.27 4.88 97.85 
0.04 0.07 0.28 4.90 100.25 
0.07 0.07 0.22 4.81 99.15 
0.39 0.51 0.25 3.00 97 .70 
0.32 0.50 0.40 3 46 97.40 
0.47 0.52 0.26 2.85 97.35 
0.60 0.53 0.22 4.11 98.15 
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Umt No. Mo Nb Zr y Sr u Rb Th Pb Ga Zn 
1 NS3 1.67 39.15 233 30 33.55 152.42 0.18 15 06 6.68 1 87 20.60 107 03 
1 NS6 1.08 36.12 213.28 29.86 203.07 1.61 22.97 5.24 1.89 17.54 97.75 
1 NS7 1.09 39.55 229.46 32.46 191 .90 160 19.13 5 19 1.87 20.68 99.68 
1 NS21 0.41 48.44 280.12 40.56 49 50 1 54 35.76 8.20 8.18 20.03 173.30 
1 NS24 1.30 38.47 239.69 33 53 144 69 0.61 36 15 6 85 0.34 21 .16 11061 
1 NS28 0.02 20.35 225.11 25.10 53.44 1.42 73.53 12.57 6.26 18.86 101.79 
1 NS31 0.44 39.11 226.83 32.39 192.16 0.02 41 .24 7 91 6.31 17 15 115 66 
1 NS195 0.42 37.46 266.85 32.71 63.44 0 55 73.09 12 13 7 92 23.82 132 59 
2 NS10 1.42 35.95 218.99 48.50 342.03 0.08 10 31 4 05 2.02 24. 19 135. 19 
2 NS13 2.69 38.59 245.06 53.88 265.56 1.69 9.84 4 10 1.98 21 03 112.49 
3 NS36 1.02 24.35 141 .54 26.89 44 73 1.57 44.04 1 56 1.84 18.05 119 18 
3 NS37 0.14 20.84 116.69 17 .64 147 .40 1.66 46.22 1 64 1.94 16.82 86. 15 
3 NS39 0.33 17 18 102.85 15 80 227.80 1 69 55.26 1 67 1.97 14 86 75 96 
3 NS41 0 32 29.38 151 99 23.06 204 15 1.67 45.04 0 34 1.95 17 48 101 .46 
3 NS44 1.33 22. 19 124.40 18 63 169.63 1.66 60.79 1 64 1 94 18 89 91 02 
3 NS46 1.20 21 .91 121 .94 18 29 133.15 0 3] 71 .47 160 190 14 55 72.29 
3 NS196 1.54 26.51 139.56 22 59 122.54 1.63 36 01 1 62 1 92 17 83 93 04 
4 NS173 0.05 45.79 178.93 31 .33 59.41 1.67 2!1 32 4 68 1.96 15 61 104 96 
4 NS175 0.01 43.45 166 61 26 39 257 .24 1.68 18 2• 406 1 97 16.02 95.80 
4 NS176 0.08 47 .67 170.20 24 74 324 38 1 65 16 91 550 1.93 11 .95 81 17 
4 NS178 1.49 53.68 177.54 25 92 248.92 1.63 13 43 5.30 1 91 12.52 80 27 
4 NS181 0.95 54.94 191 .07 25 15 . 245.29 1 62 12.52 4.79 1.90 12.51 84 39 
4 NS182 0.20 83.75 292.02 18.97 23.73 1.70 65. 19 8 04 0. 13 2222 130.72 
4 NS183 0.47 73.49 254.63 29.06 25.05 1.73 52.59 6.63 0.06 16 81 145.43 
4 NS184 0.21 50.81 171 44 26.87 246 20 1 64 8.87 460 1.92 13 78 83 55 
4 NS185 1.01 60.92 194 44 29 06 195.86 166 9 74 6 73 1.94 14 43 94 85 
4 NS187 0.09 61 .02 195 98 27 .95 180.47 0 47 14.18 6.78 1.94 14.35 100.61 
4 NS188 0.17 44.47 142.00 22.58 384 76 1 . 6~ 9.99 4 01 I 93 919 72.60 
4 NS190 106 59 34 201.52 28.25 161 .68 3 79 23.63 6.97 0.29 15 74 11138 
4 NS191 0.14 43.56 139 51 23.35 369.39 1 66 12.39 4 42 1.94 10.74 70.41 
5 NS49 ·0.08 11 95 214 57 23.96 29.47 6 29 67 51 15 61 5.75 18 56 173 96 
5 NS197 050 13.95 26080 24 41 7065 7 25 75 70 19 11 7.29 18.53 132.42 
6 NS57 0.09 19.07 105 67 21 35 37 .31 1 52 26 02 0 27 1 79 19 51 94 35 
6 NS60 1.05 24 52 112.68 19 64 54 38 1 62 36.95 161 1.90 1739 88 07 
6 NS72 1 02 17. 17 98 58 20 68 46 38 1 53 5 04 3 65 1 79 17.36 98 36 
6 NS76.2 050 20 68 117 08 25 18 37.96 1 5/ 10.91 4 08 1 83 19 89 98 56 
7 NS64 0.18 10.52 76.03 20 63 72 72 1 54 4.46 1 53 1 81 17.36 90.59 
7 NS69 0.05 9.82 73 49 22.77 104 99 156 3.98 0 53 1.83 15 56 77.64 
7 NS198 0.07 9.33 67 44 19 20 106.41 1 61 6.26 1.59 1.89 19.66 69 13 
8 NS74 1.36 19.47 109 44 23.38 88 .38 0 83 5. 75 1.00 175 22 .36 94 58 
8 NS76. 1 0.39 19.64 114.37 22 .85 30 42 1.42 5 37 0.28 1 66 22 .06 99.34 
9 NS147 0.36 11 .89 7750 19.80 438.76 1.64 10 83 1.62 1 92 17 39 84 13 
9 NS80 0.44 11 .87 79 38 20 43 375 93 1 63 42.43 1 61 1.91 17.06 80 97 
9 NS82 0.44 13.18 86.32 20.95 99 16 1 62 21 72 1.60 1.90 16.26 86.24 
9 NS86 0.15 11 .03 8001 21 . 19 144 56 1 63 16 80 1.61 1.90 18.86 95.65 
9 NS90 0. 18 11 .10 80 58 ?1 47 300 53 1 63 29.35 1.6 1 1.90 21.52 106.87 
9 NS92 0.07 9 51 71 30 17 38 214 17 1 62 50 82 160 1 89 17 06 82 52 
9 NS93 0.24 10 28 73 17 18 65 349 36 1.65 23 14 1 63 1 93 16.94 83.58 
9 NS96 1 01 10.00 73 37 19 08 170.33 1 59 18.22 1 57 1.86 14 22 90.11 
9 NS97 090 9 85 67 16 17.76 86.83 1.58 35 77 1 57 1 86 16.75 86 2'i 
9 NS98 0.21 14.12 92 29 21 14 112.65 1 60 44 71 1.59 1.88 23.13 89 79 
9 NS100 0.17 9.41 70.50 18 92 278 29 1 6 1 30 13 1 59 1 88 17. 16 74 66 
9 NS102 0 05 11 .30 79 49 19 52 117 83 1 58 48 25 1 57 1 85 15 88 80 07 
9 NS103 0.44 12.05 8901 c278 176 33 1 64 44 79 1 62 1.92 20 00 96 16 
~-
Trace elements in parts per mill~on. 
Table 3. Whole rock trace element chemistry of greenstone 
nni+-~ -
Cu Ni Se V Ce Nd Ba La Cr 
50.94 121.79 35.20 301 .60 48.55 29.78 166. 17 19.27 314.75 
58.68 138 65 33.01 290.22 56.30 31.75 219 17 18.00 407. 13 
54 78 102.49 3405 30150 56.57 29.86 242.43 22.55 331 .86 
89 71 80 21 28.77 262 63 79.30 41 .84 378.56 33.82 212. 12 
52 65 74 66 32.88 282. 77 61 .67 32.33 425 95 25.56 249 75 
47 .04 45.89 21 .87 151 .53 37 83 29.04 595 38 30 36 130.01 
56.94 56 41 24 25 222.31 39.60 32 .98 351 20 24 41 181 33 
55 42 76.45 28.88 234.55 68 32 31 83 632 01 27 06 184.75 
3 63 5 17 21 .17 209.59 81 25 54.19 243.95 28.00 51 32 
J 51 5 04 23.33 196.44 76.73 57 .23 266 57 32.11 27 37 
7201 515 64 28.28 202.66 18.40 18.43 69.94 10.67 578 19 
55 69 401 07 29.04 226.5? 760 9.95 140.55 4 18 543 98 
52.66 542.39 24 78 211 .55 7.97 038 161 .91 4 40 650 04 
67 07 352 26 34 59 269 25 32.89 20.31 301 33 10 47 660 30 
65.99 502 19 27 17 241 .46 22.37 12.98 66.38 4 04 711 62 
56 19 364 94 28 82 239.03 18.33 10 07 758 07 3 95 533 71 
60 02 342 48 31 32 253 98 25.65 13.47 9030 399 59 1 88 
40 38 189 14 28.56 278.38 58.39 32 .42 71 .27 26.92 328.44 
51 19 238 51 30.40 299 82 75.20 27 .25 2890 61 22 .79 475 55 
41 .25 246. 79 22.82 204. 16 65 82 31 90 340 25 33 56 632.93 
37 41 257 60 27 .03 221 .20 62 .53 32 .25 230 83 34 20 595 30 
48 11 336.37 25.38 228.96 61.86 29.48 438.77 27 81 752 67 
62 .49 470 16 41 27 344 38 70 .69 34 04 112.79 31 . 14 1214 54 
50 31 514 04 35.77 308 53 71.36 33.64 80.05 33.00 1050 32 
39 08 253 54 12 82 205 08 61 28 32 15 207 88 27 18 605 56 
43 14 213.51 28 26 247.45 57.72 30.55 395.93 29 21 475.55 
45 31 243.59 29 80 247 53 66.90 33.48 186.84 31 .46 543.98 
25 69 167.68 18.38 187.48 49 88 25 86 262 94 21.88 331 .86 
52 .87 255.90 30.40 237.50 60.81 31.76 130 76 33 82 673 99 
21 43 136 19 18.97 185.63 53.79 25.07 288.44 20. 13 31 1 33 
43 02 323 01 42.91 292.93 52 .67 35 04 384 92 17 76 769 78 
46 21 246.38 45 97 310.17 60.63 34 .75 617.29 18 61 573 99 
62 .88 : 40.53 31 01 233 63 21.74 12 67 183 45 3.73 352 39 
89 95 234 86 35.24 273 05 1998 11 .43 277 78 1 88 608 98 
62 78 244.41 31 59 203.24 072 11 . 14 36. 77 3.71 496 08 
79 78 116 36 31.25 249 23 24 44 14 64 75.76 0 53 352 39 
97 81 201 .00 33.30 220.54 6 91 1 52 54 46 3 64 485 82 
29 20 181 82 29.65 255.77 7.03 3. 71 58.89 3.68 513. 19 
-
27 18 178.06 31 .23 241 .21 0 .05 1.83 109.29 3 91 482.40 
118 01 211 .60 31.74 230.25 6 .82 1.96 46.07 3.63 465.29 
246 78 147 78 31 .24 245.32 24 .78 13.96 34.84 3 54 376 34 
70 16 328.82 27.50 213.83 7.51 160 63.74 400 502 92 
0 47 ?70.13 28.33 248.73 20.04 0. 17 279.44 4.02 492.66 
84 02 342.59 29 86 258 02 7.37 3.89 156.82 396 598 72 
12.83 379 10 28.83 227.43 7.40 3.91 111 .29 3 93 677 41 
14 78 417.28 30.22 253 85 0.19 0.43 121 .65 001 667 14 
4 24 353.23 27.01 230 58 0.27 1 17 200.83 3 94 701 36 
3 52 445.23 30.16 244.71 1.15 0 .68 86.45 3.9 1 738 99 
3 35 437.95 27.68 207.57 7 24 1.32 76 10 3 80 626 09 
006 399.21 26.88 211 48 7 19 3 80 155 61 377 667. 14 
120 29 272 40 22 34 243 99 20 55 9 .56 222.05 3 69 622 67 
3 39 289 18 a 35 222.49 7 35 0 65 126 22 3 87 571.35 
3 29 306 88 5 81 231 59 0 93 9 74 206 88 3.79 489 24 
17 13 357 60 3 95 268 38 20 05 11 76 184 03 3 88 742 41 
... 
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Unrt No. M a Nb Zr y Sr u Rb Th Pb Ga Zn Cu Nr Se V Ce Nd Ba La Cr 
9 NS107 1.34 10.07 74 10 19.58 270.21 1.56 24 .54 158 1 87 18 74 8775 12 77 424 11 788 209.33 2.27 1.14 141 .62 3.86 708.20 
9 NS109 004 10.27 77 .35 20.33 536 61 1 62 7.63 0 41 1.89 16 71 77.36 69 59 210 39 7.61 235 48 7 41 3.91 57 .48 3 94 492.66 
9 NS11 2 0 08 12.65 86.70 25 47 91 .84 1.67 819 0.06 1.96 15 58 97.27 53.82 245 45 7 94 25063 7 44 0 53 57 .57 3 93 554 24 
9 NS115 0.01 14.23 90.72 21.72 285.99 1.62 9.51 160 1.89 20.07 92 29 70 06 257 31 . 6 31 251 70 2 48 8 81 37 72 3.77 608 98 
9 NS121 0.07 1050 72 93 19.68 85.06 1 63 14 55 1 61 1 91 17 19 82 03 24 86 330 35 9 33 222 74 7 52 3 97 74 71 400 547 40 
9 NS142 0.17 13.72 88 40 19.69 268.64 1.65 560 1 63 1 92 18 89 123 49 12 13 621 .19 20 05 229 41 1.90 3.79 21 .74 3 81 653 46 
9 NS149 0 98 10 62 67 45 16.75 104.21 1.57 7.89 1.55 1 84 11 43 67 14 53.91 266 27 28.00 178 88 7 48 0 46 83 01 406 403 71 
9 NS151 0 02 15.27 94 .34 22 41 169 12 1.62 29.88 1.60 1 89 19 22 100 19 98 16 327 03 32 50 253 01 21 47 10 38 168 79 3 79 619.25 
9 NS152 1 18 12 49 81 .32 21 .45 55.60 1.57 2.42 1.56 184 18 06 74 04 72 13 237 89 37 .00 257 .67 19 40 14 61 7.24 3 85 499 50 
9 NS154 1.03 12 89 81 .71 20.82 150 07 0 03 550 0 52 1 83 15 72 72 49 92 14 220 53 31 .55 231 61 1 16 111 30 69 3 89 458 45 
9 NS157 058 9 73 71 47 16.24 153 49 1 59 28 35 1.58 1 86 16 36 78 97 92.84 259 88 27 95 220 90 7 29 3.86 151 78 3 85 499 50 
9 NS161 1 51 13.24 98 89 22.48 74 95 1 53 16 66 1 52 1 79 19 46 10008 54 35 117.55 3060 235 19 5 67 7 64 91 .26 3 59 307 91 
9 NS1 93 125 9 43 65.94 15 85 277 94 0 34 28 70 3 33 1.85 14 91 79 82 35.97 371 95 24 86 224 45 7.24 3 83 153 57 3 82 550 82 
9 NS194 1 13 10 82 73.89 19 82 336 58 0 70 24 62 1 63 1 93 17 15 74 71 56 01 241 69 25 82 231 28 7 78 0 53 123 58 4 24 516 61 
10 NS123 0 08 7.35 57 .65 17.48 185 46 160 3 76 1 59 1 88 13 73 77.61 83 48 499 57 8.28 155 68 7 42 3 92 145 53 3 88 961 37 
10 NS1 24 0.23 8 08 60.74 16.55 250.33 1 55 377 1.57 1 85 13.96 69 62 83 86 451 .60 8 19 149.29 7 46 1.42 73 96 3.81 862 15 
10 NS126 0.09 5 73 40.35 11 .30 70.16 1 60 16.20 1.58 1.87 11 32 77 46 65 87 756.94 1603 114 90 7.52 3 97 36.26 3 82 1375.34 
10 NS127 0.25 5.21 45.29 12.10 92 15 1 50 25 95 1.58 1.87 11 14 75 03 6010 797 .55 13.48 109.28 7.44 3 93 41 35 377 1330 87 
10 NS1 28 0 15 5.72 42.99 10 48 94.51 0 42 35.23 150 1.85 10 86 73.25 60.04 857 .51 12 19 104 98 0 81 0.85 84 60 3 73 1337.71 
10 NS129 0 29 5 45 40.93 10.78 60.79 3 42 14 95 1 57 1 86 11 .17 71 16 59 55 886 59 454 114 40 7.54 3.95 696 3 76 1406.13 
10 NS130 0.27 5 67 43.73 11 .14 147 42 1.58 39 97 0.24 1 85 10 53 70 36 64.47 810.33 13 10 110 11 7.34 388 69 48 3.69 1327.44 
10 NS132 1 14 5.70 45.46 13.21 129 47 1 61 20 85 1 59 1.88 12.57 74.30 6669 674.09 13.50 117.77 2.68 3.96 379.71 3 85 1135 85 
10 NS134 0 43 499 42 84 11 .65 299 10 158 13 33 156 1.84 13 08 71 88 66 98 704 93 13 15 10610 7.54 399 84.75 3 75 1105 06 
10 NS135 0 03 5.59 46.01 12.14 226 13 1 59 14.03 1.57 186 12 17 73.82 43 45 739 15 10.10 103 78 7 49 3.95 54.04 0 29 1173 49 
10 NS136 0.27 6 02 46 07 13.20 200 80 160 13 41 1.58 1 88 11 .91 70 83 49 19 721 .83 12 50 106 63 7.45 3.93 59.40 3 70 1108 48 
10 NS138 1.33 6.26 51.39 14.56 231 .85 1.61 5.72 1 59 1 88 13 42 76.05 50.27 676 67 13.75 127 04 7.59 0.06 29 89 3.83 11 18.75 
10 NS140 1.25 6 69 51 .06 14 .96 22 1.99 0 01 7.35 0.38 1 88 13.92 79 92 54.28 701 .38 11 .75 123 45 750 3.95 4.96 3 80 1091 .38 
11 NSF/2.5 1 04 42.92 270.79 34.34 775 25 100 7.96 4 81 5 88 23 02 122 72 33 15 107 63 28.09 311 .10 72 32 40.29 195.68 34 92 266 86 
11 NSF/2.5 1.38 42 10 257.97 34 .21 863 41 100 7 45 4 22 3.99 2~ 47 121 .89 33 40 95 18 25 68 309.42 66 19 38.05 18810 28 56 260.01 
11 NSF/2 7 1.52 43.05 270.04 34 93 786 45 100 9 23 4 94 4 54 24 36 121 89 3~ 03 109 40 28 20 329 51 77 27 45 60 236 99 30 45 250 01 
11 NSF/2 8 1 48 41 .92 270 77 33.20 695 22 100 14 32 3 47 150 22 09 121 23 38 6(J 71 43 25 22 31000 70 63 41 17 219 42 30 77 195 01 
Trace elements rn parts per millron 
Table 3 (cont.) 
~ 
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ROCKTYPE NO. La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb 
Greenstones 
unit 1 NS3 34.04 68.94 8.52 32.85 5.66 1.54 5.36 4.78 0.92 2.28 1.52 
unit 1 NS7 33.54 69.81 8.62 33.13 5.68 1.49 5.54 4.64 0.96 2.04 1.48 
unit 1 NS28 38.20 75.49 8.90 30.59 4.66 0.82 3.94 3.70 0.80 1.94 1.44 
X 35.26 71.41 8.68 32.19 5.34 1.28 4.95 4.37 0.89 2.09 1.48 
unit 2 NS10 47.86 106.45 13.67 55.58 9.25 2.84 7.90 6.56 1.22 2.56 1.52 
unit 2 NS13 42.86 103.18 15.53 73.64 16.44 5.35 14.04 11 .02 2.18 4.68 3.18 
x 45.36 104.82 14.60 64.61 12.84 4.10 10.97 8.79 1.70 3.62 2.35 
unit 3 NS37 15.21 32.24 4.38 19.07 4.22 1.37 4.58 3.52 0.72 2.02 1.26 
unit 3 NS41 20.76 45.44 6.57 28.58 6.28 1.97 5.92 4.84 1.00 2.56 1.64 
unit 3 NS46 17.79 26.34 4.61 16.55 2.99 0.95 3.08 2.60 0.54 1.32 0.86 
x 17.92 34.67 5.19 21.40 4.49 1.43 4.53 3.65 0.75 1.97 1.25 
unit 4 NS175 27.15 56.51 7.47 29.21 5.40 1.76 4.88 3.96 0.76 1.98 1.12 
unit 4 NS187 33.56 66.30 8.58 32.78 5.85 1.84 5.24 4.30 0.88 2.00 1.42 
unit 4 NS190 29.23 61.42 8.51 35.04 7.54 2.40 6.74 5.24 1.08 2.90 1.98 
X 29.98 61.41 8.18 32.35 6.26 2.00 5.62 4.50 0.91 2.29 1.51 
unit 5 NS49 19.02 48.56 8.10 36.53 7.19 1.36 5.20 4.04 0 .86 2.36 1.72 
unit 5 NS197 19.37 49.73 8.08 39.82 7.71 1.47 4.72 4.22 0.86 2.38 2.06 
X 19.19 49.15 8.09 38.17 7.45 1 .41 4.96 4.13 0.86 2.37 1.89 
unit 6 NS57 11 .11 26.82 3.66 15.84 3.73 1.28 4.10 3.56 0.72 1.86 1.24 
unit 6 NS60 14.13 30.88 4.12 17.12 3.75 1.15 3.48 3.24 0 .66 1.56 1.26 
unit 6 NS72 10.29 22.10 2.82 12.96 3.10 1.02 3.38 3.10 0.56 1.54 1.12 
X 11.84 26.60 3.53 15.31 3.53 1.15 3.65 3.30 0.65 1.65 1.21 
unit 7 NS64 6.07 14.30 2.04 9.75 2.67 0.87 3.24 3.18 0.70 2.00 1.62 
unit 7 NS69 8.95 18.42 2.58 11.40 2.79 0.89 3.22 3.24 0.64 1.74 1.34 
X 7.51 16.36 2.31 10.58 2.73 0.88 3.23 3.21 0.67 1.87 1.48 
unit 8 NS74 12.74 27.62 3.71 16.90 3.96 1.30 4.20 3.88 0.76 2.28 1.44 
unit 9 NS80 9.94 23.47 3.47 14.84 3.83 1.19 3.94 3.96 0.88 2.38 1.74 
unit 9 NS90 10.08 22 .71 3.29 13.67 3.36 1.04 3.62 3.46 0 .76 2.18 1.44 
unit 9 NS151 10.44 23.62 2.97 13.09 2.67 0.87 2.70 2.74 0.52 1.58 1.08 
X 10.15 23.27 3.24 13.87 3.29 1.03 3.42 3.39 0.72 2.05 1.42 
unit 10 NS123 7.97 12.57 1.62 7.56 1.86 0.65 2.60 2.32 0.46 1.42 1.00 
unit 10 NS127 5.92 11 .55 1.26 6.13 1.36 0.46 1.66 1.62 0.32 1.06 0.62 
unit 10 NS132 5.07 11.46 1.52 6.70 1.71 0 .59 2.44 2.19 0.40 1.36 0.82 
X 6.32 11 .86 1.47 6.80 1.64 0.57 2.23 2.04 0.39 1.28 0.81 
unit 11 NSF2.6 29.51 62.59 8.43 37 .22 7.21 2.41 6.20 5.60 0.98 2.24 1.66 
unit 11 NSF2.7 30.09 66.17 9.17 41 .73 8.99 2.93 7.34 6.72 1.18 3.08 2.04 
X 29.80 64.38 8.80 39.47 8.10 2.67 6.77 6.16 1.08 2.66 1.85 
'graphitic schist NS20 46.65 92.41 11.79 45.98 8.38 1.75 7.10 6.54 1.32 3.24 2.38 
graphi1ic schist NS55 43.87 74.60 11 .63 45.95 8.65 1.62 7.26 6.68 1.42 3.76 3.08 
shale NSF2.1 29.05 57.85 7.47 31 .55 6.43 1.10 5.12 5.24 1.04 3.02 2.94 
chlorite schist NSF9 2,53 5.66 0.82 3.10 1.04 0.41 1.64 1.68 0.38 1.18 0 .90 
REE values In ppm. 
x = a verage 
Table 4. Whole rock rare earth element chemistry. 
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SAMPLE UNIT IQ OR AB AN LC NE KAL c DI HY WO OL 
NS3 1 0.41 4.08 29.3 17.7 0 0 0 1. 73 0 28.1 0 0 ' 
NS6 1 0 5.61 25.2 22 0 0 0 0 7.07 12.9 0 7.55 
NS7 1 0 5.61 22.5 24 0 0 0 0.4 0 19.7 0 9.16 
NS21 1 15.5 6.5 30 0.08 0 0 0 9.3 0 22.5 0 0 
NS24 1 4.61 9.16 12.3 22.7 0 0 0 2.51 0 28.4 0 0 
NS28 1 34.9 17.5 12.5 4.86 0 0 0 6.23 0 15.2 0 0 
NS31 1 0 10.1 23.4 20.4 0 0 0 0 16.9 10.7 0 0.54 
NS195 1 20.1 17.3 14.2 5.25 0 0 0 7.82 0 22.2 0 0 
NS10 2 0 1. 95 33.3 14.1 0 5.3 0 0 7.84 0 0 12.3 
NS13 2 0 1. 65 48.3 11 0 2.24 0 0 1. 22 0 0 12.9 
NS36 3 0 5.91 16.3 16.6 0 0 0 4.4 0 26 0 10.9 
NS37 3 0 8.92 10.2 10.1 0 13.2 0 0 32.7 0 0 3.08 
NS39 3 0 1. 07 0 10.7 7 13.4 0 0 35.7 0 6.28 0 
NS41 3 0 7.68 26.2 20.2 0 0 0 0 3.71 2.62 0 17.2 
NS44 3 0 10.3 16.7 15.6 0 3.67 0 0 18.2 0 0 11.7 
NS46 3 0 13.8 35.5 8.39 0 0 0 0 13.4 7.56 0 1. 23 
NS196 3 0 6.09 17.6 23.6 0 0 0 0 4.23 17.8 0 9.67 
NS173 4 5.13 4.55 11 25.8 0 0 0 0 5.93 17.4 0 0 
NS175 4 0 1. 83 23.3 18.9 0 0.01 0 0 13.6 0 0 15.1 
NS176 4 0 0 0 17.6 1. 34 8.85 0 0 32.6 0 0 7.47 
NS178 4 0 0 0 18 0.79 10.8 0 0 33.4 0 0 9.65 
NS181 4 0 0.59 15.5 19.9 0 1. 32 0 0 27.4 0 0 9.17 
NS182 4 19.1 16.1 0.42 0.77 0 0 0 13.1 0 24.5 0 0 
NS183 4 7.89 10.8 0.68 14.5 0 0 0 6.86 0 32.4 0 0 
NS184 4 0 0 0 20 0.32 7.43 0 0 38.5 0 0 5.88 
NS185 4 0 0.77 20.5 15.5 0 7.18 0 0 20.2 0 0 11.4 
NS187 4 0 2.19 20.9 15.8 0 7.14 0 0 18.9 0 0 11.6 
NS188 4 0 0 0 20 0 4.22 0.5 0 0 0 0 20.8 
NS190 4 0 4.37 23.9 10.5 0 8.63 0 0 19.1 0 0 10.7 
NS191 4 0 0 0 15.5 1. 25 8.66 0 0 9.01 0 0 16.5 
NS49 5 18.9 8.63 0.68 0.24 0 0 0 12.2 0 45.7 0 0 
NS197 5 21.5 12.8 0.08 0.25 0 0 0 12.8 0 40.1 0 0 
NS57 6 0.08 7.74 19.2 25 0 0 0 0 1. 23 26.3 0 0 
NS60 6 0 10.6 16.8 22.5 0 2.43 0 0 12.2 0 0 11.5 
NS72 6 0 1. 48 45.6 12.6 0 0.88 0 0 7.61 0 0 15 
NS76.2 6 0 3.84 38.7 16.4 0 3.44 0 0 1. 29 0 0 15.8 
NS64 7 0 0.89 43.1 8.91 0 9.28 0 0 12.9 0 0 7.2 
NS69 7 0 0.65 48.3 7.1 0 9.08 0 0 14.6 0 0 4.34 
NS198 7 0 1. 36 36.4 5 0 13 0 0 16 0 10.9 0 
NS74 8 0 1. 83 36.6 19.6 0 0.55 0 0 3.33 0 0 21.8 
NS76.18 0 2.19 27.6 17.4 0 8 0 2.95 0 30.1 0 3.49 
NS147 9 0 1. 71 13.9 26.3 0 3.14 0 0 21.4 0 0 13 
NS80 9 4.95 9.81 2.03 33.9 0 0 0 0 9.47 19.1 0 0 
Table 5. C.I.P.W. norms. 
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SAMPLE UNIT AC MT IL HEM TI AP cc PERO wus RU 
NS3 1 0 3.7 5.56 0 0 1.11 0 0 0 0 
NS6 1 0 3.65 5.26 0 0 1. 07 0 0 0 0 
NS7 1 0 2.65 5.62 0 0 1.11 0 0 0 0 
NS21 1 0 3.86 5.03 0 0 1. 27 0 0 0 0 
NS24 1 0 4.18 5.15 0 0 1 0 0 0 0 
NS28 1 0 1. 49 2.09 0 0 0.3 0 0 0 0 
NS31 1 0 2.1 4.1 0 0 0.9 0 0 0 0 
NS195 1 0 2.35 3.95 0 0 0.74 0 0 0 0 
NS10 2 0 4.42 8.96 0 0 4.54 0 0 0 0 
NS13 2 0 3.78 9.34 0 0 4.87 0 0 0 0 
NS36 3 0 6.1 4.24 0 0 0.63 0 0 0 0 
NS37 3 0 9.45 3.53 0 0 0.58 0 0 0 0 
NS39 3 0 9.76 3.11 0.49 0 0.46 0 0 0 0 
NS41 3 0 9.7 4.56 0 0 0.76 0 0 0 0 
NS44 3 0 9.73 3.8 0 0 0.67 0 0 0 0 
NS46 3 0 8.62 3.67 1. 74 0 0.65 0 0 0 0 
NS196 3 0 7.63 4. 14 0 0 0.67 0 0 0 0 
NS173 4 0 7.18 6.13 4.06 0 0.97 0 0 0 0 
NS175 4 0 10.1 6.1 0 0 1 0 0 0 0 
NS176 4 0 6.61 4.12 0 0 1 0 0 0 0 
NS178 4 0 5.73 4.33 0 0 1. 09 0 0 0 0 
NS181 4 0 7.5 4.5 0 0 1. 09 0 0 0 0 
NS182 4 0 10.6 6.86 0 0 1. 78 0 0 0 0 
NS183 4 0 9.87 5.93 0 0 1. 53 0 0 0 0 
NS184 4 0 7.28 4.01 0 0 1 0 0 0 0 
NS185 4 0 8.28 5.07 0 0 1. 25 0 0 0 0 
NS187 4 0 8.84 5.09 0 0 1. 27 0 0 0 0 
NS188 4 0 4.7 3.76 0 0 0.97 0 0 0.4 0 
NS190 4 0 9.69 5.22 0 0 1.3 0 0 0 0 
NS191 4 0 5.86 3.68 0 0 0.9 0 0 0 0 
NS49 5 0 1. 91 2.32 0 0 1.11 0 0 0 0 
NS197 5 0 1. 52 2.34 0 0 1. 02 0 0 0 0 
NS57 6 0 8. 31 3 . 3 0 0 0.44 0 0 0 0 
NS60 6 0 7.25 3.57 3.08 0 0.67 0 0 0 0 
NS72 6 0 6.32 2.98 2.96 0 0.39 0 0 0 0 
NS76.2 6 0 4.74 3.59 6.11 0 0.51 0 0 0 0 
NS64 7 0 6.47 2.36 4.32 0 0.3 0 0 0 0 
' NS69 7 0 5.68 2. 3 5.4 0 0.32 0 0 0 0 I 
NS198 7 0 1. 88 2.11 7.84 0 0.23 0 0 0 0 
iNS74 8 0 6.92 3. 32 0 0 0.46 0 0 0 0 
NS76.1 8 0 4.9 3.46 0 0 0.49 0 0 0 0 
NS147 9 0 9.16 2.41 0 0 0.3 0 0 0 0 
ll_$80 9 0 7.59 2.54 2 .8 6 0 0 .3 0 0 0 .. 0 ... 
-- ---- - - .. 
Table 5 (cant.) 
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SAMPLE UNIT Q OR AB AN LC NE KAL c DI HY WO OL 
NS82 9 0 4.85 29.2 18.4 0 3.11 0 0 14.4 0 0 9.79 
NS86 9 0 3.55 14.3 31.7 0 0 0 0 8.25 18.1 0 3.86 
NS90 9 0 5.26 10.9 36.1 0 0 0 0 0.63 17.5 0 10.3 
NS92 9 7.01 9.04 0.25 33.9 0 0 0 0 1. 69 29.6 0 0 
NS93 9 0 3.9 1. 61 38.2 0 0 0 0 4.54 31.3 0 0.58 
NS96 9 0 3.43 21.2 26.4 0 0 0 0 6.34 14.8 0 11.1 
NS97 9 0 7.27 25 22.4 0 0 0 0 6.82 10.5 0 11.1 
NS98 9 0 10.5 0.68 17.6 0 0 0 7.39 0 42.3 0 1. 34 
NS100 9 5.71 5.26 5.5 32.8 0 0 0 0 5.51 27.4 0 0 
NS102 9 2.5 8.98 14.6 27.7 0 0 0 0 0.32 28.4 0 0 
NS103 9 0 7.98 0.68 31.6 0 0 0 3.45 0 22.6 0 13.1 
NS107 9 0 6.03 3.38 36.1 0 0 0 0.35 0 29.2 0 4.45 
NS109 9 6.97 1. 65 23 27.5 0 0 0 0 10 13.3 0 0 
NS112 9 0 2.07 36 24 0 0 0 0 7.7 6.53 0 4.44 
NS115 9 0 1.18 0.68 25.8 0 0 0 5.99 0 44.9 0 2.75 
NS121 9 0 2.66 27.4 23 0 0 0 0 17.5 3.94 0 7.66 
NS142 9 0 0.47 10.9 33.2 0 0 0 0 2.43 1.11 0 27.9 
NS149 9 0 2.13 13.6 6.35 0 18.4 0 0 29.7 0 9.29 0 
NS151 9 0 6.62 13 23.3 0 0 0 3.55 0 20 0 15.8 
NS152 9 0 0.06 10.2 32.4 0 0 0 0 4.66 10.6 0 25 
NS154 9 0 1. 06 19.7 18.7 0 6.24 0 0 24.3 0 0 13.1 
NS157 9 2.69 7.92 8.04 30.1 0 0 0 0 6.54 25.1 0 0 
NS161 9 0 3.72 21.5 22.4 0 0 0 1.5 0 29.7 0 3.84 
NS193 9 2.62 4.85 13.4 27.9 0 0 0 0 9.02 22.1 0 0 
NS194 9 0 4.31 11.1 22.2 0 7. 2 7 0 0 33.9 0 0 0.61 
NS123 10 0 0.06 13.5 28.5 0 0 0 0 9.59 15.1 0 20.2 
NS124 10 0 0.06 21.2 22.5 0 0 0 0 15.7 5.7 0 23.2 
NS126 10 0 1. 83 4.57 24.2 0 0 0 0 12.6 16. 7 0 2 6. 8 
NS127 10 0 3.25 3.22 2 4.8 0 0 0 0 10.1 17.2 0 2 5. 7 
NS128 10 0 4.91 0.68 26 0 0 0 0 5.39 17.6 0 31.1 
NS129 10 0 1.18 0.68 24.9 0 0 0 0 9.72 19.1 0 32 
NS130 10 0 4.91 0.68 26.4 0 0 0 0 5.9 19.3 0 28.9 
NS132 10 0 5.44 4.48 26.1 0 0 0 0 11.2 15 0 27.3 
NS134 10 0 1. 77 13.3 24.6 0 0 0 0 11.5 3.17 0 35.3 
NS135 10 0 1. 83 5.84 27.6 0 0 0 0 9.07 16.5 0 27.9 
NS136 10 0 1. 89 11.2 23.1 0 0 0 0 13 2.16 0 35.8 
NS138 10 0 0.24 5.5 28.5 0 0 0 0 11 20.9 0 23 
NS140. 10 0 0.41 4.82 28.9 0 0 0 0 10.4 19 0 2 4.3 
NSF/2. 11 10.5 2.3 6.6 35. 2 0 0 0 0 15.2 7.57 0 0 
NSF/2. 11 11.1 1. 89 6.43 34.9 0 0 0 0 17 5.03 0 0 
NSF/2. 11 6.89 2.78 11.1 3 3.6 0 0 0 0 16.9 6.1 0 0 
'NSF/2. 11 3.64 3 . 55 1 8 . 2 27 0 0 0 0 24 . 7 0. 53 0 0 
Table 5 (cont.) 
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SAMPLE UNIT AC MT IL HEM TI AP cc PERO wus RU 
NS82 9 0 0.12 2.75 11.8 0 0.35 0 0 0 0 
NS86 9 0 10.1 2.45 0.54 0 0.28 0 0 0 0 
NS90 9 0 10.7 2.53 0 0 0.28 0 0 0 0 
NS92 9 0 10.4 2.2 0 0 0.25 0 0 0 0 
NS93 9 0 10.5 2.34 0 0 0.28 0 0 0 0 
NS96 9 0 9.19 2.22 0 0 0.25 0 0 0 0 
NS97 9 0 9.94 2.13 0.01 0 0.25 0 0 0 0 
NS98 9 0 9.34 2.92 0 0 0.32 0 0 0 0 
NS100 9 0 9.79 2.2 0 0 0.25 0 0 0 0 
NS102 9 0 9.73 2.39 0.11 0 0.3 0 0 0 0 
NS103 9 0 10 2.79 0 0 0.35 0 0 0 0 
NS107 9 0 0 1.5 11.5 0 0.28 0 0 0 0.4 
NS109 9 0 8.34 2.39 2.13 0 0.28 0 0 0 0 
NS112 9 0 6.37 2.7 6.69 0 0.37 0 0 0 0 
NS115 9 0 7 2.85 0 0 0.37 0 0 0 0 
NS121 9 0 9.63 2.36 1.11 0 0.25 0 0 0 0 
NS142 9 0 10.7 2.64 0 0 0.35 0 0 0 0 
NS149 9 0 5.91 2.13 2.66 0 0.21 0 0 0 0 
NS151 9 0 6.12 3 0 0 0.39 0 0 0 0 
NS152 9 0 1. 51 2.49 0 0 0.32 0 0 0 0 
NS154 9 0 3.36 2.43 0 0 0.37 0 0 0 0 
NS157 9 0 6.95 2.39 0 0 0.23 0 0 0 0 
NS161 9 0 3.74 2.92 0 0 0.35 0 0 0 0 
NS193 9 0 8.9 2.05 1.15 0 0.23 0 0 0 0 
NS194 9 0 5.05 2.34 5.43 0 0.23 0 0 0 0 
NS123 10 0 4.38 1.9 0 0 0.19 0 0 0 0 
NS124 10 0 4.09 1. 88 0 0 0.19 0 0 0 0 
NS126 10 0 4.64 1. 37 0 0 0.21 0 0 0 0 
NS127 10 0 7.12 1. 37 0 0 0.19 0 0 0 0 
NS128 10 0 5.09 1. 33 0 0 0.16 0 0 0 0 
NS129 10 0 3.77 1. 29 0 0 0.14 0 0 0 0 
NS130 10 0 4.6 1. 35 0 0 0.16 0 0 0 0 
NS132 10 0 2.68 1. 39 0 0 0.14 0 0 0 0 
NS134 10 0 3.07 1. 42 0 0 0.14 0 0 0 0 
NS135 10 0 2.93 1. 44 0 0 0.14 0 0 0 0 
NS136 10 0 2.86 1. 44 0 0 0.16 0 0 0 0 
NS138 10 0 3 1. 63 0 0 0.16 0 0 0 0 
NS140 10 0 3.33 1. 67 0 0 0.16 0 0 0 0 
NSF I 2. 11 0 8.28 6.82 0 0 1.18 0 0 0 0 
NSF/2. 11 0 8.61 6.7 0 . 0 1.16 0 0 0 0 
NSF/2. 11 0 7.95 6.91 0 0 1.2 0 0 0 0 
NSF/2. 11 0 7.63 6.65 0 0 1. 23 0 0 0 0 
Table 5 (cant.) 
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UNIT NO. Rb Ba Th u K 
1 N$3 1S.06 166.17 6 .68 0 .18 S740.49 
1 NS6 22.97 219.17 S.24 1.61 7882 .27 
1 NS7 19.13 242.43 S.19 1.60 78S7 .37 
1 NS21 3S .76 378.56 8 .20 1.54 9144.10 
1 NS24 36.1S 42S.9S 6.8S 0.61 12867.32 
1 N$28 73 .S3 . S9S.38 12.S7 1.42 24S68.29 
1 NS31 41 .24 3S1 .20 7.91 0 .02 14216.32 
1 NS19S 73.09 632.01 12.13 O.SS 24236.23 
x 39.62 376.36 8 .10 0 .94 13314.0S 
s 22.68 170.40 2.84 0 .67 7377.SO 
e 16.03 120.42 2.01 0.47 S213.78 
I (x+e)/prim 87.63 71.08 118.86 67.43 74.11 
X! prim 62.39 S3.8S 9S.2S 44 .8S S3.26 
• I (x-e)/prim 37 .1S 36.62 71 .64 22 .27 32 .40 
2 N$10 10.31 243.9S 4.05 0 .08 2764.40 
2 N$13 9.84 266.S7 4.10 1.69 23S3 48 
x 10.07 2SS.26 4.08 0.89 2558.94 
s 0.33 16.00 0.04 1.13 290.57 
e 0.47 22 .69 0 .06 1.61 412.15 
(x+e)/prim 16.61 39.77 48.62 52.26 11 .88 
X/ prim 1S.87 36.S2 47 .97 42.26 10.24 
(x-e)/pnm 1S.12 33.28 47.32 32.26 8.S9 
3 NS36 44.04 69.94 1.S6 1.S7 8297 .35 
3 N$37 46.22 140.S5 1.64 1.66 12506.21 
3 NS39 55.26 161.91 1.67 1.69 14046.14 
3 NS41 4S.04 301 .33 0 .34 1.67 10791 .95 
3 NS44 60.79 66.38 1.64 1.66 14S31.78 
3 NS46 71.47 7S8.07 1.60 0.32 1941306 
3 N$196 36.01 90.30 1.62 1.63 8S46 .39 
X S1.26 226.93 1.44 1.46 12590.41 
s 12.00 247 .80 0.48 0 .50 3882.92 
e 9.06 187.02 0 .37 0.38 2930.51 
(X+e)/prim 9S.OO S9.23 21 .23 87.46 62.08 
X/ prim 80.73 32.47 16.93 69.39 S0.36 
(X-e)/prim 66.47 S.71 12.64 51 .31 38.64 
4 NS173 30.32 71 .27 4.68 1.67 6408.76 
4 NS17S 18.24 2890.61 4.06 1.68 2S77.62 
4 N$176 16.91 340.2S 5.50 1.65 2436.49 
4 NS178 13.43 230.83 S.30 1.63 1427.86 
4 N$181 12.S2 438.77 4.79 1.62 838.45 
4 N$182 6S.19 112.79 804 1.70 22671 .40 
4 N$183 S2.S9 80.0S 6 .63 1.73 1S208.35 
4 N$184 8.87 207.88 4.60 1.64 593.S6 
4 NS18S 9.74 39S.93 6 .73 1.66 1066.74 
4 N$187 14.18 186.84 6.78 0.47 3050.80 
4 N$188 9.99 262.94 4.01 1.65 1286.73 
4 NS190 23.63 130.76 6 .97 3 .79 6184.62 
4 NS191 12.39 288.44 4.42 1.66 2220.6S 
X 22.1S 433.6S 5.58 1.74 5074 .77 
s 17.SS 747.28 1.31 0.70 6S98.7S 
e 9.72 414.00 0 .72 0 .39 36S5.82 
l(x+e)/prim 50.20 72.0S 74 .1S 101 .13 34 .92 
Xlprim 34.89 62.05 65 .64 82 .64 20.30 
l(x-<!)lprim 19.58 52 .05 57 .13 C. __ 64 .14 5 .68 
Table 6- Incompatible element content of greenstone units 
























































Ce Sr Nd p Zr Ti y 
19.27 48.SS 1S2.42 29.78 2079.S4 233.30 1756S.3S 33.SS 
18.00 S6.30 203.07 31 .7S 2011 .90 213.28 16588.16 29.86 
22 .SS S6.57 191 .90 29.86 2092 .63 229.46 17763.19 32 .46 
33.82 79.30 49.SO 41 .84 2398.13 280.12 1S904.73 40.S6 
2S.S6 61 .67 144.69 32 .33 1889.70 239.69 16267.43 33.S3 
30.36 37 .83 S3.44 29.04 569.S3 22S.11 6618.48 2S.10 
24.41 39.60 192.16 32 .98 1684.S8 :<:<o.83 12943.21 32 .39 
27.06 68.32 63.44 31 .83 1400.91 266.8S 12478.S9 32 .71 
2S.13 56.02 131.33 32.43 176S.86 239.33 14S16.14 32 .S2 
S.33 14.0S 66.02 4 os S67.18 22.6S 3744 .10 4.29 
3.77 9 .93 46.66 2.86 400.83 16.01 2646.01 3 03 
42 .07 37 .1S 8.44 26.06 22 .81 22.80 13.20 7.81 
36.S8 31.S6 6.22 23.95 18.S9 21 .37 11 .17 7.15 
31 .10 25.97 4.01 21 .84 14 .37 19.94 9 .13 648 
28.00 81.2S 342 .03 54 .19 8SS1 .65 218.99 28284 .41 48 so 
32.11 76.73 26S.56 57.23 9171 .37 24S.06 29S19.38 53.88 
30.06 78.99 303.80 55.71 8861 .51 232 .03 28901 .89 51.19 
2.91 3.19 54 07 2.15 438.21 18.43 873.26 3 .80 
4.13 4.S3 76.70 3.05 621 .57 26 .14 1238.66 5.40 
49.76 47 .05 18.03 43.40 99.82 23.05 23.19 12.44 
43.7S 44 .SO 14.40 41 .1S 93.28 20.72 22 .23 11.2S 
37 .74 41 .9S 10.76 38.90 86.74 18.38 21 .28 10.06 
10.67 18.40 44 .73 18.43 1187.06 141 .S4 13350.86 26.89 
4.18 7.60 147.40 9 .95 1106.32 116.69 11144.70 17.64 
4 .40 7.97 227.80 0 .38 894 .66 102.8S 9849.78 1S.80 
10.47 32 .89 204 .1S 20.31 1424.91 151 .99 14411 .98 23.06 
4.04 22 .37 169.63 12.98 1267.80 124.40 11969.02 18.63 
3 .95 18.33 133.1S 10.07 1224.16 121.94 11S64.3S 18.29 
3.99 2S.65 122.54 13.47 1283.07 139.S6 13093.08 22.59 
5.96 19.03 149.92 12.23 1198.28 128.43 12197.68 20.41 
3 .16 9 .14 S9.86 6.S4 165.74 16.84 1S33.48 3 .88 
2.38 6.90 45.18 4.93 12S.09 12.71 11S7.35 2.93 
12.14 14.61 9.25 12.67 13.93 12.60 10.27 S.13 
8.67 10.72 7.11 9 .03 12.61 11 .47 9 .38 4.49 
5.21 6 .84 4.96 5 .39 11 .30 10.33 8 .49 3 .84 
26.92 S8.39 S9.41 32.42 1817.69 178.93 19360.8S 31 .33 
22.79 7S.20 2S7.24 27.25 1872.24 166.61 1922S.97 26.39 
33.56 6S.82 324.38 31 .90 1894.06 170.20 13033.13 24 .74 
34.20 62 .53 248.92 32 .2S 2038.08 177.S4 136S3.61 2S.92 
27.81 61 .86 245.29 29.48 2046.81 191 .07 14211.1S 25.1S 
31 .14 70.69 23.73 34 .04 33S3.89 292.02 21617.97 18.97 
33.00 71 .36 25.0S 33.64 2869.46 2S4 .63 18680.42 29.06 
27.18 61.28 246.20 32 .1S 1889.70 171.44 12673.43 26 .87 
29.21 S7 .72 19S.86 30.SS 236S.40 194.44 16000.6S 29.06 
31.46 66.90 180.47 33.48 241S.S8 19S.98 1607S.S9 27 .9S 
21.88 49.88 384.76 2S.86 1848.24 142.00 11900.07 22 .S8 
33.82 60.81 161 .68 31 .76 2448.32 201 .S2 16498.24 28.25 
20.13 S3.79 369.39 2S.07 169S.49 139.S1 11621 .31 23.3S 
28.70 62.79 209.42 30.76 2196.S4 190.46 1S734.80 26. 13 
4.77 7.17 119.13 2.97 481 .87 42 .02 3219.01 3.26 
2.65 3.97 66.00 1.6S 266.96 23.28 1783.39 1.80 
45.63 37.61 13.05 23.94 25.93 19.08 13.48 6 .14 
41.78 35.37 9 .92 22 .72 23.12 17.01 12.10 5 .74 
37 .93 33.14 6 .80 21 .50 20.31 14.93 10.73 5.35 
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UNIT NO. Rb Ba Th u K Nb La Ce Sr Nd p Zr Ti y 
5 NS49 67.51 384 .92 15.61 6.29 12086.98 11 .95 17.76 52.67 29.47 35.04 2075.18 214 .57 7322 .89 23.96 
5 NS197 75.70 617.29 19.11 7.25 17997.65 13.95 18.61 60.63 70.65 34.75 1924.61 260.80 7379.85 24 .41 
X 71 .61 501.10 17.36 6.77 15042.32 12.95 18.19 56.65 50.06 34.90 1999.89 237.69 7351 .37 24 .18 
s !:>./! lb4 .J 2.4 •.bb 41 (;1 ,4 A U.bU !:> .bJ L;i .1L u.z· 06.4 J2.b;l 4U.L U.JL 
e 8 .21 233.06 3.51 0.97 5928.33 2.00 0 .85 7.98 41 .30 0.29 151 .01 46.36 57.12 0.45 
(X+e)/prim 125.71 105.05 245.59 368.59 83.88 20.97 27 .71 36.41 4.33 25.99 22.64 25.36 5.70 5 .41 
X/ prim 112.77 71.70 204 .29 322 .50 60.17 18.17 26.47 31 .92 2 .37 25.78 21 .05 21 .22 5 .65 5.32 
(ll-e)/prim 99.84 38.35 162.99 276.41 36 .46 15.36 25.24 27 .42 0.42 25.56 19.46 17.08 5 .61 5.22 
6 NS57 26.02 183.45 0.27 1.52 10874.96 19.07 3 .73 21 .74 37.31 12.67 831.38 105.67 10461 .27 21 .35 
6 NS60 36.95 277.78 1.61 1.62 14830.63 24 .52 1.88 19.98 54 .38 11 .43 1267.80 112.68 11252 .61 19.64 
6 NS72 5.04 36.77 3.65 1.53 2071.22 17.17 3 .71 0 .72 46.38 11 .14 746.28 98.58 9403 .16 20.68 
6 NS76.2 10.91 75.76 4.08 1.57 5420.88 20.68 0.53 24 .44 37 .96 14.64 957 .94 117.08 11354 .53 25.18 
X 19.73 143.44 2.40 1.56 8299.42 20.36 2.46 16.72 44 .01 12.47 950.85 108.50 10617.89 21 .71 
s 14.49 108.95 1.78 0 .05 5667.64 3 .12 1.55 10.82 8 .05 1.59 228.50 8.12 902 .89 2.41 
e 14.49 108.95 1.78 0 .05 5667.64 3.12 1.55 10.82 8 .05 1.59 228.50 8.12 902 .89 2.41 
(X+e)/pnm 53.89 36.11 49.27 76.45 55.87 32 .94 5 .84 15.52 2.47 10.39 12.41 10.41 8 .86 5.30 
X/prim 31 .07 20.52 28.29 74.29 33.20 28.56 3 .59 9 .42 2.09 9 .21 10.01 9 .69 8 .17 4.77 
(ll-e)/pnm 8.26 4.94 7.32 72.12 10.53 24 .18 1.33 3.32 1.70 8 .04 7.60 8.96 7.47 4.24 
7 NS64 4.46 54 .46 1.53 1.54 1257.68 10.52 3 .64 6 .91 72 .72 1.52 576.07 76.03 7418.81 20.63 
7 NS69 3.98 58.89 0.53 1.56 950.52 9 .82 3.68 7.03 104 .99 3.71 628.44 73.49 7265.94 22 .77 
7 NS198 6.26 109.29 1.59 1.61 1876.14 9.33 3 .91 0 .05 106.41 1.83 440.78 67 .44 6660.45 19.20 
x 4.90 74.21 1.22 1.57 1361 .45 9 .89 3 .74 4.66 94 .71 2 .35 548.43 72.32 7115.07 20.87 
s 1.20 30.46 0 .60 0 .04 471 .45 0 .60 0 .15 4.00 19.05 1.18 96.84 4.41 401 .06 1.80 
e 1.39 35.21 0 .69 0 .04 545.03 0.69 0 .17 4 .62 22.03 1.37 111.95 5 .10 463.66 2.08 
(X+e)/prim 9.91 15.66 22 .41 76.75 7.63 14.85 5.69 3 .63 5.53 2.75 6 .95 6.91 5 .83 5.04 
X/ prim 7.72 10.62 14.31 74.76 5.45 13.88 5.45 2.63 4 .49 1.74 5.77 6.46 5 .47 4.59 
(X-e)/prim 5.53 5.58 6 .22 72.78 3.27 12.91 5 .20 1.63 3 .44 0.73 4.59 6 .00 5.12 4.13 
8 NS74 5.75 46.07 1.00 0 .83 2614 .97 19.47 363 6.82 88.38 1.96 859.75 109.44 10464.27 23.38 
8 NS76.1 5.37 34 .84 0.28 1.42 3063.25 19.64 3 .54 24 .78 30.42 13.96 899.03 114.37 10928.88 22 .85 
x 5.56 40.45 0 .64 1.13 2839.11 19.56 3 .59 15.80 59.40 7.96 879.39 111 .90 10696.58 23.11 
s 0.27 7.94 0 .51 0 .41 316.98 0 .12 0 .06 12.70 40.98 8.49 27.77 3 .49 328.53 0 .37 
e 0.38 11 .26 0 .73 0 .59 449.62 0 .18 0 .09 18.01 58 .13 12.04 39.40 4 .94 466.00 0.53 
(X+e)/prim 9.36 7.40 9.56 81 .63 13.15 27 .68 5.35 10.90 3 .82 7.88 9.67 10.43 8 .59 5.20 
xi prim 8.76 5 .79 7.56 53.69 11 .36 27 .43 5.22 8 .90 2.82 5.88 9.26 9.99 8.23 5 .08 
(X-e)/prim 8.16 4.18 5.56 25.75 9 .56 27.18 5 .09 6 .90 1.82 3 .88 8.84 9 .55 7.87 4.96 
9 NS147 10.83 63.74 1.62 1.64 24 19.89 11 .89 4.00 7.51 438.76 1.60 556.44 77.50 7640 .63 19 80 
9 NS80 42.43 279.44 1.61 1.63 13784.64 11 .87 4.02 20.04 375 93 0.17 578.26 79.38 8015.32 20.43 
9 NS82 21 .72 156.82 1.60 1.62 6811.38 13.18 3.96 7.37 99.16 3.89 661.18 86.32 8683.76 20.95 
9 NS86 16.80 111.29 1.61 1.63 4956.00 11.03 3 .93 7.40 144 .56 3 .91 530.25 80.01 7745.54 21.19 
9 NS90 29 .35 121 .6~ 1.61 1.63 7392 .49 11 .10 0 .01 0 .19 300.53 0 .43 534.61 80.58 7985.34 21 .47 
9 NS92 50.82 200.83 1.60 1.62 12676.39 9 .51 3 .94 0 .27 214 .17 1.17 484.43 71 .30 6930.22 17.38 
9 NS93 23.14 86.45 1.63 1.65 5458.24 10.28 3.91 1.15 349.36 0 .68 525.89 73.17 7349.87 18.65 
9 NS96 18.22 76.10 1.57 1.59 4819.02 10.00 3.80 7.24 170.33 1.32 471 .33 73.37 7032 .13 19.08 
9 NS97 35.77 155.61 1.57 1.58 10227.45 9 .85 3.77 7.19 86.83 3.80 493.15 67.16 6726.39 17.76 
9 NS98 44.71 222 .05 1.59 1.60 14726.86 14.12 3 .69 20.55 112.65 9.56 621 .90 92.29 9220.31 21 .14 
9 NS100 30.13 126.22 1.59 1.61 7417.39 9 .41 3 .87 7.35 278.29 0.65 480.06 70.50 6975.18 18.92 
9 NS102 48.25 206.88 1.57 1.58 12585.07 11 .30 3.79 0 .93 117.83 9.74 545.52 79.49 7562 .69 19.52 
9 NS103 44 .79 184.03 1.62 1.64 11177.97 12.05 3 .88 20.05 176.33 11 .76 643.72 . 89.01 8839.63 22 .78 
9 NS107 24 .54 141 .62 1.58 1.56 8446.78 10.07 3 .86 2.27 270.21 1.14 506.25 74 .10 7131 .05 19.58 
9 NS109 7.63 57 .48 0 .41 1.62 2291.21 10.27 3.94 7.41 536.61 3 .91 517.16 77 .35 7556.70 20.33 
9 NS112 8.19 57 .57 0 .06 1.67 2901 .37 12.65 3 93 7.44 91 .84 0 .53 691 .73 86.70 8500.91 25.47 
9 NS115 9.51 37 .72 1.60 1.62 1701 .81 14.23 3 .77 2.48 285.99 8.81 678.63 90.72 9007.49 21.72 ' 
9 NS121 14.55 74 .71 1.61 1.63 3768.88 10.50 4.00 7.52 85.06 3.97 486.61 72 .93 7424.81 19.68_1 
9 NS142 5.60 21 .74 1.63 1.65 664 .12 13.72 3 .81 1.90 268.64 3.79 650.27 88.40 8357.03 19.69 I 
9 NS149 7.89 83.01 1.55 1.57 3013.44 10.62 4.06 7.48 104.21 0.46 388.41 67.45 6741 .38 16.75 1 
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9 NS151 29.88 168.79 1.60 1.62 9305.98 15.27 3.79 21 .47 169.12 10.38 731 .00 94 .34 9481 .09 22 .41 
9 NS152 2.42 7.24 1.56 1.57 83.02 12.49 3.85 19.40 55.60 14.61 628.44 81 .32 7880.43 21.45 
9 NS154 5.50 30.69 0.52 0.03 1490.12 12.89 3.89 1.16 150.07 1.11 707.00 81 .71 7679.59 20.82 
9 NS157 28.35 151 .78 1.58 1.59 11119.86 9.73 3.85 7.29 153.49 3.86 429.87 71.47 7571 .68 16.24 
9 NS161 16.66 91 .26 1.52 1.53 5221 .64 13.24 3.59 6.67 74.95 7.64 665.54 98.89 9226.30 22.48 
9 NS193 28.70 163.57 3.33 0.34 6823.83 9.43 3.82 7.24 277 .94 3.83 425.51 65.94 6480.59 16.85 
9 NS194 24.62 123.58 1.63 0.70 6039 .34 10.82 4.24 7.78 336.58 0.53 453.88 73.89 7394 .83 19.82 
X 23.37 118.59 1.52 1.47 6567.56 11 .54 3.74 7.95 212 .04 4.20 558.78 79.46 7820.03 20.09 
s 4.::su 67.33 0.55 0.41 4228.33 1.6 .16 6.6( 123.4 4.1 96.24 8,87 838.5: 2.08 
e 5.50 25.90 0.21 0.16 1626.28 0.64 0.29 2.54 47.46 1.58 37.01 3.41 322.51 0.80 
(X+e)/prim 45.47 20.67 20.33 77.62 32 .78 17.09 5.87 5.91 12.30 4.26 6.27 7.40 6.26 4.59 
Xlprim 36.81 16.97 17.85 70.07 26.27 16.19 5.45 4.48 10.05 3.10 5.88 7.09 6.02 4.42 
(X-e)/prim 28.14 13.26 15.38 62 .52 19.77 15.28 5.02 3.05 7.80 1.93 5.49 6.79 5.77 4.24 
10 NS123 3.76 145.53 1.59 1.60 83.02 7.35 3.88 7.42 185.46 3.92 333.86 57 .65 5977 .02 17.48 
10 NS124 3.77 73.96 1.57 1.55 45.66 8.08 3 81 7.46 250.33 1.42 370.96 60.74 5947 .04 16.55 
10 NS126 16.20 36.26 1.58 1.60 2569.31 5.73 3.82 7.52 70.16 3.97 405.87 40.35 4307 .41 11 .30 
10 NS127 26.95 41.36 1.58 1.60 4607 .33 6.21 3.77 7.44 92 .15 3.93 357 .86 45.29 4328.39 12.10 
10 NS128 36.23 84 60 1.50 0.42 6886.09 5.72 3.73 0.81 94 .61 0.85 28804 42 .99 4199.50 10.48 
10 NS129 14 .95 6.96 1.57 3.42 1643.70 5.45 3.76 7.54 60.79 3.95 257 .49 40.93 4064 .61 10.78 
10 NS130 39.97 89.48 0.24 1.58 6902.70 5.67 3.69 7.34 147.42 3.88 296.77 43.73 4256.45 11 .14 
10 NS132 20.85 379.71 1.59 1.61 7624 .93 5.70 3.85 2.68 129.47 3.96 281.49 45.46 4370.35 13.21 
10 NS134 13.33 84.75 1.56 1.58 2498.75 4.99 3.75 7.54 299.10 3.99 279.31 42 .84 4475.27 11 .65 
10 NS135 14.03 54 .64 1.57 1.59 2536.11 5.59 0.29 7.49 226.13 3.95 274 .94 46.01 4577.18 12.14 
10 NS136 13.41 59 .40 1.58 1.60 2623.27 6.02 3.70 7.45 200.80 3.93 294 .58 46.07 4565.19 13.20 
10 NS138 5.72 29.89 1.59 1.61 369.42 6.26 3.83 7.59 231 .85 0.06 309.86 51 .39 5176.68 14.56 
10 NS140 7.35 4.96 0.38 0.01 581 .10 6.69 3.80 7.50 221 .99 3.95 303.31 51 .06 5248.62 14.96 
x 16.66 83.96 1.38 1.52 2997 .80 6.11 3.52 6.60 170.02 3.21 311.87 47.27 4730.29 13.05 
s 11 .62 96.63 0.47 0.77 2691 .77 0.84 0.97 2.19 76 .25 1.41 43.21 6.25 647 .93 2.24 
e 6.44 53.53 0.26 0.43 1491.29 0.46 0.54 1.21 42 .25 0.78 23.94 3.46 358.96 1.24 
(x+e)/prim 36.37 19.67 19.29 92 .79 17.96 9.23 5.90 4.40 10.06 2.95 3.53 4.53 3.91 3.14 
X/ prim 26.23 12.01 16.21 72 .42 11 .99 8.58 5.12 3.72 8.06 2.37 3.28 4.22 3.64 2.87 
(X-e)/prim 16.10 4.35 13.12 52 .05 6.03 7.93 4.33 3.03 6.06 1.79 3.03 3.91 3.36 2.59 
11 NSF/2.5 7.96 195.68 4.81 1.00 3254 .19 42.92 34 .92 72 .32 775.25 40.29 2230.11 270.79 21522.05 34 .34 
11 NSF/2 .6 7.46 188.10 4.22 1.00 2656.48 42 .10 28.56 66.19 863.41 38.05 2193.01 267.97 21147 .36 34.21 
11 NSF/2 .7 9.23 236.99 4.94 1.00 3876.80 43.05 30.46 77.27 786.45 46.60 2267.20 270.04 21812 .81 34 .93 
11 NSF/2 .8 14.32 219.42 3.47 1.00 4951 .84 41 .92 30.77 70.63 696.22 41 .17 2297 .75 270.77 20991 .49 33.20 
X ~. 4 £1 .U~ 4.Jti 1.U\. Jtits4 .tsJ 4L.:>L J1.1ts 1.tiU ltsU.JJ 41 .:0J U47.02 Lb~:U:iU 21368.43 34.17 
s 3.14 22 .37 0.67 0.00 980.67 0.57 2.68 4.58 68.41 3.63 45.40 1.33 370.60 0.72 
e 3.14 22 .37 0.67 0.00 980.67 0.57 2.68 4.58 68 .41 3.63 45.40 1.33 370.60 0.72 
(X+e)/prim 20.30 33.26 59.18 47.62 18.66 60.41 49.29 42 .92 40.22 33.35 24 .13 24 .22 16.72 7.67 
Xi prim 15.35 30.05 51.31 47 .62 14 .74 59.61 45.38 40.34 36 .98 30.67 23.65 24.10 16.44 7.51 
(X-e)/prim 10.40 26.85 43.44 47.62 10.82 58.81 41 .48 37.76 33.74 27 .99 23.17 23 .98 16.15 7.35 
I primitive mantle 0.635 6.989 0.085 0.021 250 0.713 0.687 1.775 21 .1 1.354 95 11.2 1300 4.55 
N-type MORB 0.56 6.3 0.12 0.047 600 2.33 2.5 7.5 90 7.3 510 74 7600 28 
E-type MORB 5.04 57 0.6 0.18 2100 8.3 6.3 15 155 9 620 73 6000 22 
OIB I 31 350 4 1.02 12000 48 37 80 660 38.5 2700 280 17200 29 
N-type/prim 0.88 0.90 1.41 2.24 2.40 3.27 3.64 4.23 4.27 5.39 5.37 6.61 5.85 6.15 
E-type/prim 7.94 8.16 7.06 8.57 8.40 11 .64 9.17 8.45 7.35 6.65 6.53 6.52 4.62 4.84 
OIB/prim I 48.82 50.08 47 .06 48.57 48.00 67.32 53.86 45.07 31.28 28.43 28.42 25.00 13.23 6.37 
[Sun and McDonough (1989)) Elements in parts per million. 
x ~average, s =standard deviation, e =standard error, prim~ primitive mantle composition 
Table 6 (cont.) 
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Unit 2 2 2 2 2 2 2 3 3 3 3 5 
Si02 68.48 68.88 68.01 68.55 68.43 68.29 68.61 70.74 70.42 70.64 70 .22 64.76 
Ti02 0.00 0 .00 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 
AI,03 20.32 20.30 20.43 20.47 20.31 20.17 20.48 20.70 20.81 20.37 20.38 18.98 
er20 3 0.00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 000 0 .00 0.00 
Fe20 3 0.00 0 .00 0.00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0.00 0.00 0.00 
FeO 0.19 0 .12 0 .46 0 .23 0 .31 0 .09 0 .22 0.16 0.36 0 .21 0 .00 0 .24 
M nO 0.00 0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 
M gO 0.00 0.00 0.12 0.00 0.08 0 .00 0.00 0 .00 0 .10 0 .08 000 0.00 
eao 0.07 0.00 0.00 0 .00 0 .00 0.00 0 .00 0 .15 0.20 0 .05 0 .13 0.15 
Na20 11 .02 10.93 10.82 10.95 11 .04 11 .13 11 .25 11.48 10.66 11 .17 11 .36 0 .37 
K20 0 .1 8 0 .12 0.44 0 .21 0 .16 0 .10 0 .10 0 .08 0 .37 0.24 0 .05 15.25 
H20 0.00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 
H20- 0.00 0.00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 
TOTAL 100.26 100.35 100.28 100.41 100.33 99.78 100.66 103.31 102.92 102.76 102.14 99.75 
Si 11 .92 11 .95 11 .86 11 .91 11.90 11 .93 11 .89 11 .94 11 .93 11.98 11 .97 11 .94 
Ti 0.00 0 .00 0 .00 0 .00 0.00 0.00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 
AI 4.17 4.15 4.20 4.19 4.16 4.15 4.18 4.12 4.16 4 07 4.10 4.13 
Fe' 2 0 .03 0 .02 0 .07 0 .03 0 .05 0.01 0 .03 0 .02 0 .05 0 .03 0 .00 0 .04 
Mg 0.00 0 .00 0 .03 0 .00 0 .02 0 .00 0 .00 0 .00 0 .03 0 .02 0.00 0 .00 
ea 0.01 0 .00 0 .00 0 .00 0 .00 0.00 0.00 0 .03 0 .04 0 .01 0 .02 0.03 
Na 3.72 3.68 3.66 3.69 3.72 3 .77 3 .78 3.76 3.50 3.67 3 .76 0.13 
K 0.04 0 .03 0 .10 0.05 0 .04 0 .02 0.02 0 .02 0 .08 0.05 0 .01 3.59 
TOTAL 19.88 19.82 19.92 19.86 19.89 19.89 19.91 19.89 19 .78 19.84 19.86 19.85 
NUMBER OF IONS ON THE BASIS OF 32 _(_0 
AB 98 .60 99.28 96 .60 98.76 98.51 99.41 99.42 98.82 96.79 98.36 99.10 3.53 
AN 0.35 0 .00 0 .82 0 .00 0 .55 0.00 0 .00 0 .44 2.20 1.37 0 .26 0.79 
OR 1.06 0 .72 2.58 1.24 0 .94 0 .59 0 .58 0.73 1.00 0 .26 0 .66 95.68 
Mol% 
Unit 5 5 5 6 6 7 7 7 9 9 9 
Si02 64 .02 65.75 64 .69 68.59 65.14 70.91 67 .32 68.29 69.71 69.66 69.82 
Ti02 0 .00 0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 o.oo' 0 .00 
Al 20 3 19.27 18.31 19.34 20.44 20.19 19.62 19.97 20.64 19.07 19.02 19.0() 
er,o3 0.00 0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0 .00 
Fe20 3 0.00 0 .00 0.00 0 .00 0.00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 
FeO 0.15 0.37 0 .25 0 .14 0.35 0 .00 0.17 0.00 0 .14 0 .00 0 .17 
M nO 0.00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00 
M gO 0.00 0 .00 0 .00 0.00 0.16 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 
eao 0.18 0 .00 0.42 0.31 0 .27 0 .08 0 .10 0 .18 0 .10 0 .05 0.05 
Na20 0.38 0 .27 0.48 10.91 9 .99 11 .90 9 .51 11.44 12 .30 12.14 12.26 
K20 15.24 14.52 15.14 0 .08 0.60 0.08 2.91 0 .07 0 .06 0 .20 0.07 
H20 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 
H20- 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0.00 0 .00 0 .00 0 .00 
TOTAL 99.24 99.22 100.32 100.47 96.70 102.59 99 .98 100.62 101 .38 101 .07 101 .37 
Si 11 .88 12.11 11 .87 11 .90 11 .79 12.06 11 .88 11 .85 12.04 12.06 12.05 
Ti 0.00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0 .00 0 .00 0.00 0.00 
AI 4.21 3 .98 4.18 4.18 4.31 3.93 4.15 4.22 3 .88 3.88 3.87 
Fe'2 0.02 0 .06 0.04 0.02 0.05 0 .00 0.03 0 .00 0 .02 0 .00 0 .02 
Mg 0.00 0.00 0 .00 0 .00 0 .04 0.00 0.00 0 .00 0 .00 0 .00 0 .00 
ea 0.04 0 .00 0.08 0 .06 0 .05 0 .01 0.02 0.03 0 .02 0 .01 0 .01 
Na 0.14 0 .10 0 .17 3 .67 3 .50 3 .92 3 .26 3 .85 4.12 4.07 4.10 
K 3.61 3.41 3.54 0.02 0 .14 0 .02 0 .66 0 .02 0 .01 0 .04 0 .02 
TOTAL 19.89 19.65 19.89 19.85 19.88 19.95 19.99 19.97 20 .09 20.06 20.07 
AB 3.62 2.75 4.50 97 .99 93.75 99.17 99.20 99.25 99.23 98.72 99.40 
AN 0.95 0 .00 2.17 1.54 2.55 0.45 0.40 0 .35 0.33 1.04 0 .39 
OR 95.43 97.25 93.32 0 .47 3.70 0.38 0.40 0 .45 0 .44 0 .24 0 .21 
Table 7. Feldspar mineral chemistry of greenstone units. 
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:---~~1- 5.0~ 1 2 ! - ~~f---3-0~ 2 ~Q_ -~ 4 .00 
- -
27 .29 26.94 27 .05 25.94 25.92 25 .86 25.84 
---· 
000 0 .00 0.00 0.00 0.00 0 .00 0 .00 
20.76 21 .03 20.98 20.23 20.20 20.53 20.60 
- - ---
0 .00 0 .00 0.00 0.00 000 0.00 0 .00 
23.33 23.88 24 .15 29.91 30.01 30.13 29.14 
0.00 0.00 0.00 0 .1 2 0.09 0 .18 0 .13 
-----
0 site 6 .00 6 .04 6.01 6.01 6 .01 6.01 6 02 6 .02 6.03 6 .02 5.99 
2___ 10.00 __ !2.:.QQ. 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
- --- ---
10.00 10.00 10.00 
OH 8.00 8 .00 8 .00 8 .00 8 .00 8 .00 8 .00 8 00 8 .00 8 .00 8 .00 8.00 
----- ---
F 0.00 0 00 0 .00 0 00 0.00 0.00 0 .00 0.00 0.00 0.00 0 00 0.00 
----·- --- -.--- ---- --- - --
-
000 0 .00 
14 14 
Cl -~- o.oo -~ ___ ooo --~___Q:2Q. __ o.oo __ OQ_Q_ I ____ 9.:.QQ _ --..::...:::+--...::.c=t---'o:..::o=Jo 
14 1 14 14 14 14 14 14 14 14 14 Charge 
Table 8. Chlorite mineral chemistry of greenstone units. 
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Unit --1---- ~ r------- ~ ~ --~ ~! __ ~ ---~~-------4 6 1 __ J? 6 7 Analysis 1.00 2:QQ 1 3 00 4 00 5 00 6.00 1.00 j 2.00 3 00 .__lQQ - --'="-! 
SiO, - 2827 28 ~- 28.92 __ 28 ~~ --2902 28.88 28 .84 28 .96 _ _::_29:.:·.::.3B=+- --=2-=8.:.:.1-=0-j--::..::C.'-.:.-J- -==.:._i 
Ti02 0 .08 0.00 0.00 . _ ~ 00 ~~r---~QQ_ --· ~ -~ 00 0 00 0 .00 
AI,0 3 19 . 14 1-_2~_£)~ __ 18~~ ___ 1880 _189~ 18.87 20.22 ~:~ __ 1::9:~·9:...4C.j---'-1 _9_c.1_1 !----f---'-::..:...:.:..l 
Fe 20 3 0 .00 0 .00 0.00 ___ _QOO --~~r-- 0.00 0.00 0 OD 0 .00 000 




0 OD 0.00 
- -
19 54 19.47 
000 0.00 
15 .55 15.98 
MnO 035 0~~1-- 032 __ .Ql~ 034 0 .25 0 .13 0 .15 0 .33 0.43 
~-- ~~___?.?.01 --~~ -~QI 2565 24 .87 2613 26.12 25.82 24 .87 
CaO 0 11 __ 0 09 __ ..Q.Q~ _ -~ _ 0 08 0.09 0 .06 0 .05 0 .00 0 .00 
Na20 ~--~ -~ _..Q_~Q (-~ _ 0 .00 000 0.00 0.05 _ _:0:.:..0:...0+---~f--..:..:.::-=-1 
K,O 000 000 ODD ODD I 000 0.11 0.00 0 .00 0.00 ODD 
H,o 12.02 12:o7 - rro7 r--·i2051 ___ 12:iis 12 .os 12 .11 12 .11 --1-=2:.:..2:...s'l---12-.o-s-l----t---'==-~ 
----j---"---1--...:..::-"-'-l-_:...:'--+---'..c.:_- .-_-'-"'-t--- +----+-....C::..=I 
F ooo o .DQ o .oo ooo . o.oo l o.oo l-· ooo o .oo 1 __ ...:o..:.;.o::..:o,1 _ __ o:...·.:..oo~----'---'-+---=::..=.J 
c1 o.oo o.oo o oo o oo I o.oo o oo o oo __ .o::..:..:..oo'-l _ _ _ o::....:..oo+ __ o:...·.:..oo+-~~r---"==- 1 
O=F O.QQ 0 .00 0 DO - -Oo~ 0 DO 0.00 0 DO _ _::D_:.::OO~ __ _::D_:.::.D~O+---"Dc..::D:.:::Ot--..=..:.::..::t-~=i 
O=CI 0 OD 0.00 0 DO 0 oo l 0 DO 0 DO 0 DO 0 DO 0 .00 _ __:D:.:..D::.:D+--=:::..=:..j----'= 
Total __ - 100.44 100 .18 --9= =- 99J-·1 D1 :: -. 99 92 --;o;;-:Os 1o~9s --~-~-9-9-.6-3-t--9-9-.6-5-J---
~:;= ~; ~- ~;;j _ -;~ _ ;~ ~:::[ _::: ~:S~i==-~-=~-=-~~----=~:c:.~:::..~+---=.=.=.t---..=.:.:::..: .!.~ -~ ---~oo ~ ___i..QQ, ___ 4.oo 4.oo 4:..Q2 .~ ___ 4 @- = __ 4..c :·.:..oo::.1 __ __c4c:... o-=o+---"~r--..:..:.::-=-t 
Al'
6 
1 OS ___ lQ?1 ___ 1 ..Q~ __ 1~~ __ _!~ __ lOB _ }_Q_9_ 1 __ U~~~~·~ 1.06 
~---0.01 __ 900 __ ODD ___ 000 ODD ___ QOO ___ 00~ 1 ____ ....2:QQ 00.=-Dt---=D:..::.D::.:O+--==t--..:..:.::~ 
Fe'_' ____ _.Q_Q.Q ___ o.oo _ _ Q.QQ ___ 2.22 _ _Qoo _ o~ __ 900 __ OD.Q DQ.Q _._o::.:·c::o.::..o1 __ ...::.:..:~ t----'=~1 
~?: . ~- ~i~r= ll! ----m __ m~~- ~l~ ~ ;;;~~-- -:1; J~ -m~-=-_.--.~~:...1 c:..•.:..l:l7-·~- ~~--~:::::;~--~~_;.:..::~.::: ,' 
_N_a___ 000 __ 000 __ .Q_QQ ___ 222 _ 000 000 ODD _ ODD __ .co:...o::. .1'+---=-0-=0.:..0 I-_....::.:..=..::...t--~ 
K ooo ooo _ _ o_OQ _ ooo ooo 001 ooo _ _ o_o_o __ o_o_o 1 __ _:;oc:...o-=o+---=~r--="--=-t 
0 37 0 .39 
24 .74 25.38 
0 .00 0.00 
0 OD 0.00 
0 .00 0.00 
12.05 12 .02 
000 0.00 
0 .00 0.00 
0 .00 0.00 
0 .00 0.00 





0 .00 0.00 
0.00 0.00 
1.28 1.30 
0 .03 0.03 
3.63 3.69 
0 .00 0.00 
0 .00 0.00 
0 .00 0.00 
.::co -=s-"it.::..e_+---"6-'-'-.07 6 .05 6 01 ___ 6os 6.06 6.03 -~ ___ 6=..=-D,_s 1 __ ...::5:...:9:..:7_1 __ ...:6:..:.0:::.7+_-=::.:::..:1 __ ...::..:.:~ 1 6.04 6.07 
0 10.00 10.00 r--~ 0 .00 10 DO 10.00 10.00 10.00 10.00 1000 10.00 
---- ---- ----- ---- ---- ---- -
10.00 10.00 
OH 8 DO 8 .00 8 .00 8 DO 8 .00 8 .00 8.00 , 8 DO 8 .00 8 .00 8 .00 8.00 
F 0.00 0.00 
- 0001 __ 000 000 0.00 ---00~ 0.00 0 .00 0 .00 
---- ---- -
Cl 000 0.00 0.00 0 DO 0.00 000 0.00 0.00 000 0.00 
---- -------r---- ---
Charge 14 14 14 14 14 14 14 14 14 14 
0 .00 0.00 
000 000 
14 14 
Table 8 (cont.) 
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Unit 8 2-fo i~- 9 9 -~ 9 11 11 11 --- --·-Analysis 1 00 10 __ _2QQ_ 3.00 4.00 5.00 1.00 2.00 3.00 
Si02 28 71 28 31 ~~ 2710 28.56 28.77 28.81 27 .20 26.28 26.35 
--
Ti02 0 00 000 0 00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 
-------- -· f----- ---~----
Al 20 3 19.81 19 67 19 79 19 21 20.08 19.65 19.50 18.17 18.50 19.56 
-----
Fe,o, 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 
--- --- --
-----
FeO 10.75 1C!_E_ 15.38 14.29 __ 15.06 15.18 15.03 27.39 27.77 28.33 1--- ----
M nO 0 .28 0.26 0.35 0.30 0.31 0.29 0 .31 0.36 0.30 0.41 
---- -----1----
M gO 27.06 27.30 25.32 23 .89 25.17 25.51 24 .90 16.90 16.10 16.10 
-------
CaO 0.00 0.00 0.06 0.09 0.06 0.13 0.21 0.08 0.08 0.11 
----- --
Na 20 0.00 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
--- ---- --- -- -
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 000 0.00 
---- ---- ---
H20 12.32 12.33 12.05 12 .08 12 .08 12.06 12.07 11 .37 11 .33 11 .32 
------- - --- r---- ---- -------
F 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 _ _Q,QQ. 0.00 
----
Cl 0.00 0.00 0.00 0.00 r----2-,oo 0.00 0.00 0.00 0.00 0.00 
---- ----- ---- ---
O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
O=CI 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0 .00 




Total 98.93 98.24 101 .37 96.96 101 .32 101 .59 100.83 101 .51 100.36 102.18 
--- ·- ---- ·- - ---
-- - --- ----
----:-· -
Si"' 2.83 2.81 2.79 2.7'2 2.79 2.81 2.84 2.82 2.77 2.72 
--- ------
-- ----r----- f--------
AI"' 1.17 1.19 
_ ____1_1_1_ 1 21 1.21 1.19 1.16 1.18 1.23 1.28 
----- ---
T site 4.00 4.00 4.00 4.00 r---i22 4.00 1-· 4.00 4.00 4.00 4.00 ---- -----
Al'6 1.13 1.11 1.07 1.12 r------!-c!.! ~7_ f-·-_!:10 1.04 1.07 1.11 
Ti 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 
---- ---- ---- --- -
Fe'' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
---- --
Fe' 2 0.89 0.86 1.26 1.23 1.23 1.24 1.24 2.37 2.45 2.45 
·-- ·- -- ----- -- --r---- -------
Mn' 2 0.02 0.02 0.03 0 .03 0.03 0.02 0.03 0.03 0.03 O.D4 
-- ------ ·--- --
Mg 3.98 4.04 3.70 3.66 3.67 3.71 3.65 2.61 2.53 2.48 
-- -----
-------- r--·----




Na 0.00 0 ~Q_ 0.00 0.00 0.00 000 0.00 0.00 000 0.00 
--- -
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
---- ---- ----
Osite 6.02 6.04 6.07 6.05 6.05 6.06 6.03 6.07 6.08 6.08 
--~---- - - ---
0 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 1000 ~00 
- ----




F 0.00 0.00 000 000 0.00 0.00 0.00 0.00 0.00 0.00 
---- -- ----- ---- -- --- ---- - -- ----
Cl 0.00 0.00 000 0 00 0.00 0.00 0.00 0 .00 0.00 0.00 
-----
--- 14 1 - ---- - ------- ---- -----Charge 14 14 14 14 14 14 14 14 14 
Table 8 (cont.) 
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Unit 3 6 6 6 7 7 7 7 
Si02 55 .11 57 .78 57 .89 57.49 56.67 56 .35 56 .08 54 .88 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 
AI203 2.15 0.51 0.51 0.87 0.74 0.89 0.97 3.89 
Cr20 3 0.00 0.00 0.00 0.00 0.13 0.00 0.58 0.00 
Fe203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 8.98 5.89 5.81 5.86 7.83 8.07 8.78 6.64 
M nO 0.30 0.23 0.29 0.28 0.27 0.33 0.29 0.25 
M gO 19.22 20.62 21 .02 20 .41 19.96 20.32 19.36 17.78 
CaO 11 .98 13.06 13.17 13.35 12.95 12.99 12.32 11.64 
Na20 0.85 0.34 0.43 0.31 0.33 0.35 0.82 1.1 2 
K20 0.11 0.00 0.00 0.00 0.05 0.24 0.08 0.09 
H20 2.14 2.17 2.19 2.17 2.16 2.16 2.15 2.12 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
O=CI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.84 100.60 101 .31 100.74 101 .09 101 .70 101.50 98 .41 
S i'~ 7.72 7.97 7.94 7.93 7.87 7.81 7.81 7.77 
AI'~ 0.28 0.03 0.06 0.07 0.12 0.15 0.16 0.23 
Fe"3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Tt ~ 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
T site 8.00 8.00 8.00 8.00 7.99 7.95 7.98 8.00 
Al"6 0.08 0.06 0.02 0.07 0.00 0.00 0.00 0.42 
Fe' 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.06 0.00 
Mg 4.01 4.24 4.30 4.20 4.13 4.20 4.02 3.75 
Fe"2 0.91 0.68 0.67 0.68 0.85 0.80 0.92 0.79 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.02 0.01 0.03 0.00 0.00 0.00 0.03 
Ca(1) 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 
M1 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
M2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
M3 0.14 0.00 0.00 0.00 0.06 0.13 0.11 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe"2 0.04 0.01 0.02 0.00 0.03 0.04 0.03 0.00 
Zn 1.80 1.93 1.94 1.97 1.91 1.83 1.84 1.76 
Mn 0.02 0.06 0.04 0.03 0.00 0.00 0.02 0.24 
Ca(2) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Na(1) 0.00 0.00 0.00 -0 .02 0.02 0.10 0.00 -0 .02 
M4 site 0.21 0.03 0.07 0.06 0.09 0.09 0.20 0.07 
Ca(3) 0.02 0.00 0.00 0.00 0.01 0.04 0.01 0.02 
Na(2) 0.23 0.03 0.07 0.04 0.11 0.24 0.21 0.07 
K 22.00 22.00 22.00 22.00 22 .00 22.00 22.00 22.00 
A site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
NUMBER OF IONS ON THE BASIS OF 13 (Si , AI, Fe"2, Mn, Ti , Mg) 
Table 9~ Amphibole mineral chemistry of greenstone units. 
Stellenbosch University http://scholar.sun.ac.za









2 ea > 1. 34 
Ti < 0.05 
1.5 ---~~--~·----1-·---r---~-----~ 
6 6.5 7 7.5 8 8.5 9 
Si+ Na + K 
Ts: tschermakite; Ha: ferro- and magnesiohastingsite; 
Ed: edenite; Hb: Fe- and Mg-hornblende; Act: actinolite 
Figure 4. 
1980). 
Amphibole classification diagram (Giret et al., 
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Umt 3 3 3 ~ 6 1 ______§] 6 6 6 7 7 
- 36 2~ l 36 5~ 1 7 Sl02 32 63 33 22 33 02 34 26 36 92 37 00 33 12 35.02 34 35 37 04 36 94 36 62 
Ti02 0.00 000 000 ----,;eo~-,, "' "" 0.05 000 0.16 0.12 000 0 21 012 
AI203 16.24 16.82 16 79 ---1919 2.,..-;Q ~ 18 20 19 72 19 47 21 34 21 89 21 02 21 63 22 18 
Fe203 18.76 17 97 18 57 - -1605 -----u; B2 -----;-sTo 16.53 15.37 15 69 14 32 13 50 13 94 13 45 12.99 
---- --- ---- ----
- 000 ----Mn20 3 0.00 0.00 000 0 OC:j 000 000 000 000 000 000 000 000 000 
- ·----r-----ooa -------·-- --- --- ----FeO 0 03 0.04 0 03 0 04 1 0 04 0.04 0.04 0 04 2 30 2 55 2 80 2 03 2 83 
M nO 0.29 036 0.32 085 : ___ ~ 0.26 0.31 0.27 1i~ 0.00 0 55 0 19 0 16 068 eao 16.23 17.21 16 97 17 _~ 21 67 21 90 16.60 19 65 23 75 23 03 22 65 23 69 23 04 
Na20 0.00 0.00 0 00 000 000 000 000 000 0 05 000 0 OD --000 - 0 DO 0.00 
--1-· 
H20 1 59 1.62 1.62 1 57 1.84 1 83 1 62 172 169 342 --~ r--· 3 33 330 3 27 
Total 85.77 87.24 87 32 8951 98 69 97 .79 86.47 91 .84 90 57 __ 102.33 101 .90 100. 18 101 05 101 73 
Si .. 3.07 3 07 3 05 3.06 300 3 03 3.06 3 05 3 03 3.08 3 07 3.08 3 07 305 
AI,. 0.00 0.00 000 000 000 0.00 000 0.00 0.00 0 00 0.00 000 0.00 000 
Z site 3 07 3 07 3 05 3.06 300 3.03 3.06 3.05 3 03 3 08 3 07 3 08 3 07 3 05 
Al .. 1.80 1 83 1 83 2 02 2 02 2 02 1.98 2 02 2.03 2.09 2.15 2.11 2 14 2 18 
Fe'3 1.33 1 25 1.29 1 08 1 03 0.97 1 15 1.01 1.04 0.90 0.85 0.89 0.85 0 81 
Mn' 3 0.00 0.00 000 000 000 0.00 0.00 0.00 000 000 0.00 0.00 000 000 
Ti 0.00 0.00 0.00 000 000 001 0.00 0.00 000 0.01 0.01 000 0.01 0 01 
--
Fe' 0.00 0.00 0 00 000 000 000 0.00 000 000 0.16 0 18 0.20 0 14 0 20 
Mn' ' 0.01 0.01 001 0 03 001 0 01 001 0.01 0.01 0.00 0.04 0.01 001 0.05 
Y site 3. 14 310 3 14 3 13 3 07 3 01 315 3 04 308 3 16 3 22 3 21 3 15 3 24 
Mn•3 0.00 000 000 000 0 00 0.00 0 00 000 000 000 000 000 0.00 000 
Mn'2 0.01 001 0.01 0 03 0 01 0 01 0 01 001 0 01 000 r---9.QQ - 000 0 00 000 
Fe' 2 
-----
000 000 0.00 000 ___ Q_QQ 000 0.00 000 000 
__Q,__OQ. 000 0.00 000 0.00 
ea 1.64 1.70 168 1---~ ~ 1 92 1.64 1 83 1.80 2.12 2 05 2.06 2 13 206 
Na 0.00 000 000 000 000 0 00 000 000 0 01 000 0.00 0.00 000 0.00 
X site 1.65 172 1 70 170 190 1.93 1.66 1.84 1 82 2.12 2 05 2 07 2 13 2.06 
0 12.00 12.00 12 00 r---!-? 00 12 00 12 00 12 00 12.00 12.00 12.00 12 00 12 00 12 00 12.00 
OH 1.00 1 00 1 00 100 _ ____!_QQ 100 100 100 1.00 1.90 1 85 1.89 1 85 1 81 
Total 20.86 20 88 20 88 20 89 20 96 20 97 20.86 20 93 20 93 22 .26 22 19 22.25 22 .20 22 17 
Unit 7 7 7 7~1 7 7 7 9 9 9 9 9 9 9 Si02 36 61 36.76 ~~-3702 ~ 33 36 37 12 36.77 36.62 36 92 36.97 37 14 36 90 
TiO, 0 15 000 0.24 ·-aoo 027 000 000 0.13 0.00 000 0 08 0.00 000 000 
A1 20, 21.48 21 .39 21 32 ~~~ 20 66 19 33 22 22 2206 22 18 22 06 22 52 22 84 22 49 Fe20 3 1391 14.33 16 56 14 22 14 11 15.00 15.08 13 53 13 41 13 24 13 49 13 06 12 76 12 99 
Mn20 3 0 00 000 -----ooo 000 000 000 0.00 am 000 0 00 - ----ooo 0.00 0.()1 000 
FeO 2 85 306 0-00 - 2381·-262 003 0.04 2 73 2 68 2 93 2 65 2.60 2.88 2 84 
--·- ·----
M nO 000 0 13 0 17 000 0 18 019 0.24 0.00 0.18 000 0.18 0 13 0 20 0.15 
eao 23.61 23.50 23 54 23 81 :!3 36 19 95 18 44 24 .04 23 66 23.87 23 71 23.95 23.63 23.65 
-Na20 0.00 000 0.00 0.00 000 000 0.06 000 000 0.00 0 OD 0.00 000 000 
- 339 --H20 3.36 3.41 1 88 3 39 1 73 1 65 3.35 3 32 3.30 3.33 3 29 3 26 3 28 f-----· --- ---
---
Total 101 .97 102 58 101 .22 101 70 
_ _!~ 92 29 88 20 103 11 102I'I. 1--- 10~~ 102 42 102 52 102 71 102 30 
r---- --- -------- --- ------- ·---Si .. 3.06 3.06 2.98 3 07 3 08 3.00 3 02 3.05 -~ 3.04 3 06 3_~ 3 05 3.05 Al .. 0.00 0.00 0.02 000 000 0.00 0.00 000 000 000 000 f---Q QQ 000 000 
---
Z site 306 3 06 3()0 3 07 3 08 3 00 3 02 3 05 3.06 3 04 306 3 05 3 05 3 05 
Al'8 2.12 2.10 1.98 2 10 2 10 2 11 206 2 15 2 16 2 17 2. 15 2 19 2 21 2 19 
Fe'3 0.87 0.90 0.99 0.90 q_~ 0 98 1 03 0.84 0 84 0.83 0.84 0.81 0.79 0.81 
Mn'3 0.00 0.00 0.00 000 000 0 00 0.00 0.00 000 0.00 _ ___Q_QQ 0.00 0.00 000 
Ti 0.01 0 00 0.01 000 0 02 000 000 001 000 0.00 000 0.00 000 0.00 
----Fe•2 0.20 0.21 0.00 0 17 0 18 000 000 0.19 019 0.20 0 18 018 0.20 0.20 
---
Mn" 000 001 0.01 000 0 01 001 0.01 0.00 001 0.00 __ OQ~ 001 001 0.01 
Y s ite 3.20 3.22 3.00 3 17 3 19 3 09 3 10 3.19 3.20 3 20 3.20 3.19 3 21 3.21 
Mn' 3 0.00 0.00 
1-· 
000 0.00 0.00 0 00 0.00 0 00 ~00 0.00 0.00 0.00 0.00 0.00 
Mn'2 0.00 0.00 000 000 ~,OD 0 01 001 0.00 0.00 0.00 000 000 0.00 0.00 
Fe'2 0.00 0.00 0.00 000 000 000 0 00 0.00 0.00 0.00 0.00 0.00 000 0.00 
ea 2.11 2.10 2 01 2 14 2.08 1.85 1.79 2 12 2.11 2.12 2. 10 2. 12 2.08 2. 10 
-
Na 0.00 0.00 0.00 0 00 0.00 0 00 001 000 0.00 000 0.00 0.00 000 0.00 
X site 2.12 2 10 2 01 2 14 2.08 1.86 1.81 2.12 2.11 2.13 2.11 2.12 2.08 2 10 
0 12.00 12 00 12.00 12 00 12 00 12 00 12 00 12.00 12 00 12.00 12.00 12.00 12.00 12.00 
OH 1.87 1.90 1.00 1.90 1.88 1.00 1.00 1.84 1.84 1.83 1.84 1.81 1.79 1.81 
Tota l 22.25 22.28 21 .01 22.28 22.24 20.95 20.93 22.20 22.20 22.20 22.20 22.17 22.13 22.16 
Table 10. Epidote mineral chemistry of greenstone units. 
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Un1t 9 9 ____ ]Q 10 11 11 ___ 11_ 11 11 11 11 11 L 11 
S102 36 91 37 OB 35 66 - 3853 37 34 - - 37 20 36 36 ~78 37 36 - 3650 -~ _ 3673 C 3642 
Ti02 0 12 016 0 20 000 -----o69 000 0 00 000 000 000 0 00 0.001 0 14 
AI20> 22 14 22 54 22 04 -1908 ~~ 24 06 24 12 23 35 23~ - -·F377 ~57 2455~ 
Fe20, 13 41 13 10 ~~ - 1"433 15 29 11 14 -----,-on --1-156 11 53 - 10 90 10 04 9 94 12 96 
Mn20 , 000 0 00 000 --000 -----ooo 0 00 000 000 o·oo --0 00 0 00 ~ 000 
-- - - --
FeO 3 03 2 81 0 03 000 0 04 2 86 3 28 2 86 2 69 296 2 86 2 83 2 80 
M nO 000 0 14 ,__Q_QQ 000 _ ____Ql£3 ~?l __ 0~ 0 31 0 27 0 34 000 0.16 013 
CaO 23 68 23 98 ~ 14 78 22 96 23 51 23 00 23 06 ~~ 23 25 23 40 23 22 23 39 
Na20 000 --ooo 0 00 017 000 ---ooo 000 000 000 ----ooo ----ooo 000 000 
·---
H20 3 32 3 30 172 1 71 1 89 309 2.97 3 11 3 13 3 04 2 96 2 94 3 25 
---
Total 102 61 103 12 9013 88 60 100 89 102 07 100.19 101 03 102 11 10075 10066 100 37 101 12 
-
---
S1.< .~ 3 04 3 09 - ~.?_ 2 96 3 04 3 02 1--- 3.05 3 05 3 02 3.03 3 03 3 05 iiF-- 000 000 000 000 _ _ _Q_~ 0 00 000 000 000 000 000 0 00 000 
---
Z s1te 3 05 3 04 ~ 3 37 300 3 04 3 02 3 05 3 05 3 02 3 03 3 03 3 05 ;;.-.-- 2 16 2 18 2 25 1 97 2 11 2 32 2 36 2 28 -~ 2 32 2 38 2 38 2 17 ~ - --0 83 0 81 __ 096 0 94 0 91 0 68 0 64 072 0 71 0 68 0 62 0 62 0 82 M-;;3- -
_Q_QQ 000 000 000 000 0 00 000 000 000 QUO 000 000 000 
- --- ---- -
!!_ ___ 
_ _ _Q_Ql _ _Q_Q1 ___Q_Q}_ ---~ QQ - 0 01 0 00 0 00 ooo~ _ _Q_QQ ooo 0 00 0 01 
Fe' 2 ---~~ -- ~6~ - - %~1- ~~ - ~~- ~;~ ---~~~ __Q1Q _ ___Q_~I- 0 20 0 20 019 0 20 Mn-;2 ___ Q~ 002 . 0 02 000 0 01 0 01 
Y sne = ~~~ ~ 6~ 1 -- ~~~ ---{~!--- ~~6~~ - ~~ c-~~ . ~~r--=~~ -~~ 3 20 3 20 Mn' 3 ___ 000 000 
·,:;;;;·2 --~ -~~ ~ ~~} ~-~~~ -~~I -~~~~ :--_ ~ ~ =~~ ~~ o oo. _ _ __Q_QQ _ ~ oog f_Q_QQ 0 00 000 Fe'2 - ---~-~- !.01 ~~ 1461 -~~~ - l_~ ---206f i~ ---%~1 ---1~ ~~ --~ 0 00 000 Ca 2 05 2 10 
_ T ____ 
Na ooo oool ooo om ooo ooo ooo __ _..QQQ __ 0 QQ --- 0 00- 0 00 0 00 000 
X Site 
- - 1~ ~ ~~ 1~ ~ - -1 ¥ol =~~tl- }~~~-=~ ~~ ~- 1~ 205 -~ 206 206 2 05 2 10 0 1-- - 12 00 -~ _ 12 00 _gQQ 12 00 12 00 
-- ---~ - -- --~- --Q_fi_ 183c-181 1 00 100 1 00 168 164 1 72 1 71 1 68 1 62 1 62 1 82 ~ 22 1? _20 78 ~6ii - 2,-oo ~ - 21 94 --- - ---Total 22 03 22 01 22 00 21 90 21 90 22 17 
Table 10 (cont.) 
Unit 2 2 2 6 6 
Si02 29 .90 30 .00 29 .85 28 .50 45 27 
Ti02 39 .21 38 01 39 .52 25 .62 24 .30 
AI20J 0.96 1.62 0 .75 5.75 4.11 
Cr20J 0.00 0 .00 0 .00 0 .28 0 00 
Fe20J 0 .00 0.00 0 00 0 .00 0.00 
FeO 0.72 1.19 0 .73 4.61 0 .72 
M nO 0.00 0 .00 0 .00 0 .12 0 .00 
M gO :>.00 0 .00 0 .00 9 30 0 .85 
CaO 29 .07 29 .21 28 .90 19.69 22 .75 
Na20 0.00 0 .00 0 .00 0 .00 0 .00 
K20 0.00 0.00 0 .00 0 .00 0 .00 
TOTAL 99 .86 100.03 99.75 93 .87 98 .00 
Si 3.93 3 .94 3.93 3.93 5.64 
Ti 3.87 3.75 3.91 2.66 2.28 
AI 0.15 0 .25 0.12 0 .94 0 .60 
Cr 0 00 0 .00 0 .00 0 .03 0.00 
Fe•J 0 00 0 .00 0.00 0 .00 0 .00 
Fe' 2 0 .08 0 .13 0 .08 0 .53 0.08 
Mn 0.00 0 .00 0 .00 0 .01 0 .00 
-Mg 0 00 0 .00 0 .00 1.91 0 .16 
ea 4 09 4.11 4.07 2.91 3 04 
Na 0.00 0.00 0 .00 0 .00 0.00 
K 0.00 0 .00 0 00 0 .00 0 .00 
Total 12.12 12 .18 12 .11 12 .93 11 .79 
NUMBER OF IONS ON THE BASIS OF 20 (0) 
Table 11. Titanite mineral chemistry of greenstone units. 
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Unit 10 10 10 10 10 
Si02 52.16 49 .76 50 .12 50.05 50.62 
Ti02 0.96 2.2 1.48 1.82 1. 3 
AI20 3 1.97 3.79 4.14 3.92 4.02 
er203 0.29 0.11 0.15 0.15 0.43 
Fe203 0 0 0 0 0 
FeO 8.17 9.86 7.71 9.29 7.87 
M nO 0.23 0.23 0 0.19 0.22 
NiO 0 0 0 0 0 
M gO 15.87 14.26 15.16 14.51 14.73 
eao 20.94 20.58 21.34 20.3 21 .65 
Na20 0.26 0.47 0.35 0.57 0.45 
K20 0 0 0 0 0 
Total 100.85 101 .26 100.45 100.8 101 .29 
Si+4 1.92 1.84 1.85 1.86 1.86 
Al .. 4 0.08 0.16 0.15 0.14 0.14 
T site 2 2 2 2 2 
A(G 0.01 0.01 0.03 0.03 0.04 
Ti 0.03 0.06 0.04 0.05 0.04 
er 0.01 0 0 0 0.01 
Fe+3 0 0 0 0 0 
Fe+2 0.25 0.31 0.24 0.29 0.24 
Mn+2 0.01 0.01 0 0.01 0.01 
Ni 0 0 0 0 0 
Mg 0.87 0.79 0.84 0.8 0.81 
ea 0.83 0.82 0.85 0.81 0.85 
Na 0.02 0.03 0.03 0.04 0.03 
K 0 0 0 0 0 
M1 2.02 2.03 2.03 2.03 2.03 
M2 6 6 6 6 6 
0 0 0 0 0 0 
Mg 0.87 0.79 0.84 0.8 0.81 
Fe 0.26 0.32 0.24 0.3 0.25 
ea 0.83 0.82 0.85 0.81 0.85 
Tot 1.96 1.93 1.93 1.91 1.91 








o Pyroxenes of unit 10 
Figure 5. Ca-Mg-Fe clinopyroxene classification diagram 
(Morimoto, 1989). 
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unit 5 un it 5 un it 5 unit 5 unit 5 un it 5 unit 5 un it 5 un it 5 
---- -· 
Analysis 1 2 3 4 5 6 7 8 9 
·----- - --- -------·- ---- ------
Si02 32.17 30.50 31 33 31 .34 34 .85 32 .89 37 75 48 54 48.79 
----- ------ ----··---- ----- ---- ----- ---
Ti02 6.14 4.41 3 98 3.27 8.35 3.25 5 32 0.00 0.06 
------,--- --·------·--
--·-r-------AI20 3 17.53 18.45 18.83 18.73 16.34 ___ 1~~Q 16.84 34 .35 34 .01 
---- -- -----
Cr20 3 0.00 O.OOj _ 0.00 0 00 0.00 0.00 0 00 0 00 0.00 
Fe20 3 0 00 
----- ·----
0.00 0.00 0.00 0.00 0.00 0.00 0 00 0.00 
17.12 17.72 -- 17.63 
-
FeO 17.71 14.65 17.54 15.85 2.14 2.13 
--
M nO 0.12 0.11 0.11 0.10 0.10 0.00 0.12 0.00 0.00 
-
M gO 13.70 16.31 15.86 16.66 14.20 15.14 13.19 1.47 1.40 
CaO 0.21 0.14 0.06 0.00 0.00 0.09 0.07 0.00 0 00 
--
Na20 0.16 0.12 0.07 0.00 0.08 0 00 0.06 0.11 0.17 
---- --
K20 4.67 2.69 3.91 3.58 6.06 4.46 4.63 10.65 10.88 
---- ---- -
--=-H20 4.07 4 09 4.07 4.08 4.10 4 09 4.16 4.51 4.51 
----- ----- -----· ---- - ------- --------1-----
--- --- --·- -- - ---· -- 9T99 -Total 95.89 94 .54 95.93 95.39 98 .73 96 .56 101 .77 101 .95 
-· ------ ------- ---· 
-----
--- ---- - -
-
·-· - 1-
s i· 4 4.96 4.74 4.82 4.83 5.16 5.00 5.56 6.33 6.36 
----- ------ ----- -----
Al.4 3.04 1 3.26 3 18 3.17 2.84 3.00 2.44 1.67 1.64 
000 [=- 0:00 
- - ----- -· 
Fe•4 0.00 0 00 0 00 0.00 0 00 0.00 0.00 
---- ---- -----------
Ti'4 0.00 0.00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 
----
T site 8.00 8 00 8 00 8.00 8.00 8.00 8.00 8.00 8.00 
·--------- ---- ----- ---- ----
Al• 6 0.14 0 13 0 23 0.24 0.01 0.43 0 48 3.61 3.59 
---
·------
----- ---- ---- ----
Ti •6 0 71 0.52 0.46 0.38 0.93 0.37 0.59 0.00 0.01 
---
-----r- --- ----- --- ---Cr --~-~~ -- ~-~~ 0.00 0 00 0.00 0 00 0.00 0.00 0.00 ---- - -- ------ --- ---- ------ ----· Fe·3 0 00 0.00 0.00 0.00 0 00 0.00 0.00 
--- --~- ----- - -·- - ---- ------
Fe· 2 2 21 2.30 2.28 2 27 1.81 2.23 1.95 0.23 0.23 
---- --- ----- - -- - ------ ~--------------· 
Mn·2 0.02 0.01 0 01 0.01 0.01 0.00 0.01 0.00 0.00 
---- ---- -- -- ----- -
-----o.27 Mg 3.15 3.78 3 63 3.83 3.13 3.43 2.90 0.29 
Li 0.00 o oo ---- -~-=-. 0.00 0.00 0.00 0.00 -----o~oo 0.00 0.00 
------
0 site 6.22 6.74 6 61 6.73 5.90 6.46 5.94 4.13 4.10 
Ba 0.00 0.00 0 00 0.00 0.00 0 00 0 00 0.00 0.00 
ea 0.03 0.02 0.01 0.00 0 00 0.01 0.01 0.00 0.00 
--
Na 0.05 0.04 0.02 0.00 0.02 0.00 0.02 0.03 0.04 
--- ---
K 0.92 0 53 077 0.70 1.14 0.87 0.87 177 1.81 
0.59 
-----
A site 1.00 0.80 0.70 1.17 0.88 0.90 1.80 1.85 
--·------
0 20.00 20.00 20 00 20.00 20.00 20.00 20.00 20.00 20.00 
OH 4.00 4.00 4.00 4.00 4.00 4 00 4.00 4.00 4.00 
----- ------
F 0.00 0.00 0 00 0.00 0.00 0.00 0.00 0.00 0.00 
---- ------ ---
--0.00 1--- 0 00 Cl 0 00 0.00 0.00 0.00 0.00 0.00 0.00 
Table 13. Mica mineral chemistry of greenstone unit 5. 
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- -
b.chen b.chen 1b cnen !b.cnen b.chen b.chen b.cnen b.chen lb.chen lb.chen b.chen I 
Ana lySIS I 1\ :? 3 4 5 5 71 3 si 10 11 
SiO; 1.86\ 2.741 2.90 1 0.00\ 0.00 0.00 005 \ 0 .00 \ 0.00 0 .00 0 .001 
TiO; 0 .00 1 0 .00 \ 0.00 0.00 0.00 0.00 0.00 0.00 o.ool 0 .00 0.00 
AI203 . 0.55 0.77 0.77 26 .24\ 26.47 26.43 19 .72 :4 .38 24.25 25.37 25.05 
Cr;03 0 .30 0.20 \ 0 .31 45 .23 45 .18 43.52 45.35 39.86 39.215 1 38 .90 39.05 
Fe;03 0 .00 ooo! 0 .00 0.00 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 
FeO 76.20 72.21 73.89 14.01 13.68 17.29 33 .55 32.23 34.11 32.62 33 07 
M nO 0.00 0.00 0 .00 0.00 0.00 0.00 0 .49 0.40 0.43 0.38 0.41 
MgO 0 .21 0.29 0.29 15.39 15.64 13.28 0.67 2.36 0 .92 1.91 1.48 
CaO 0 .00 0.07 006 \ 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0 .00 
Na20 0.00 0.00 0.00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0.00 oool 
K,O 0.00\ 0 .00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0 .00 0.00 
TOTAL 79 .12 76.28 78 .22 100.87 100 .97 100.52 99 .83 99 .23 98 .97 99.18 99 .06 
! 
Si 0 .86 1.29 1.33 0.00 0 .00 0.00 0 .01 0 .00 0 .00 0.00 0 .00 
Ti I 0.00 1 0 00 0.00 0 .00 0.00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 
AI 0.30 0 .43 0.42 7.35 7.39 7.52 6.29 7.59 7.64 7.88 7.82 
Cr 0.11 0.07 0.11 8 .50 8.46 8 .30 9 .71 8 .32 8.30 8.10 8.18 
Fe·3 ooo l 0.00 0 .00 0 .00 0 .00 o.oo l 0.00 0.00 0.00 0 .00 0.00 
Fe"2 29 .52 28.43 28 .32 2.78 2.71 349 \ 7.60 7.1 2 7.63 7.1 9 7.33 
Mn I 0.00 0 00\ OOO ! 0.00 0.00 0.00 0 .11 0.09 0 .10 1 0 09 \ 0.09 
Mq I 0.15 0.20 0 .20 5.45 5.52 4.78 0 .27 093\ 0.37 0.75 0 .58 
ea 0 .001 0.04 0.03 0.00 0.00 0.00 1 0 .00 o.ooi 0.00 o.ool 0 .00 
Na 0.00 ooo i 0.00 0.00 0.00 0 .001 0 .001 0.00 0.00 0 .00 0 .00 
K 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0 .00 0.00 
Tota l 30.93 30.46 30.41 24 .08 24 .08 24 os \ 23 .99 24 .05 24.03 24.01 24 .00 
NUMBER OF IONS ON THE BASIS OF 32 (0 ) 
Table 14 . Spmel mmerai chem1stry of banaed chen at Spitskop. 
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l--~---4-ch_e_rt __ ~chert chert _ch_e~rt~-~lrc_he_rt __ ~1~c~h _e~rt~~-~c~h~e~rt--~~c~he~rt~~+c~h~e~rt--~ 
Analysis l_ ---~ __ _ 3 4 5 6 7 8 9 -----r------1--------4------~-------~ 
Si02 31 .21 34 .11 35 87 19.40 24 .60 25.00 16.16 20.79 17.90 
T i o 2 o . oo -=-_ _ o 06 ___ ___g_gQ_1_--_-__ -_o-=_.-o_6~_ 11~-=_-=_-=_-=_o-=_. o-=_o:-=_-=_-=_-=_o-=_.-o-, -6~~~~~-,-o....,--4~4:~~~~0~. o~8=~~~~--,-o_.-o:o 
AI20 3 17 .38 ___ 17 .72 ____ 2~:_~~----4_2 __ ._42-t-___ 3_9._6_0 1 ____ 3_7_.8_1_1 ____ 3_9_.9_5---l ___ 2_6_.0_1+-__ 4_5_.-::-41c:-i 
Cr20 3 4.66 2.79 3.36 1.65 1.43 1 63 1.79 2.46 1.53 
-- ----+- -----!-------1----------
Fe20 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 00 0.00 
F eo 16 16 14 _ 62 14 .07 ----1...,..6 .--=5-=-7·1-------,9- 3,_3 -----J1T4 ---2-,...0-_...,..05-:-1-------,-3-. 8-7-1----1 o-_-44-1 
_Mn_o ___ ~-------:o . oo o.oo ~o-'--=.o--=-o+------=-o . oo ---o=-_-=-ooco-i-----=-o .~o-::-io ------=-o~.o--=-o+-----c-o-=.o:-::o_t-___ o=-.-=-oo-:-i 
~;g 1 ~ ~; 1 ~ : ;~ ____ 14::-0 -::-~::-~ 1----::-~ ·--=. ~-::-; t------:::~---::~:-::~+------::~:-:-;:-::~et-----:~:.--6::-1 ~:c-1------:::-'~ :-::-~-'--~ 1----:::~--::;:-:;-1; 
--------+-------r-----t-----t-------r------+-------1 
Na 20 0.06 0.11 0.05 0.13 013 0.08 0 .27 0 .18 0.18 1-------4-------1 
::= =~~ ~~ 9: ~ -~ 9:_ :: ~~___;:: .: :: ---=8-::::--=::-::+---6=-:-.,---:=-y:~l-------=_8--=:~•-::--:-1:~ 
S1 ' 4 4 .84 _ ~~----- 5 . 53 r----~ 3.83 3.89 2.78 4 .66 2 .95 
Al' 4 3.16 2.61 2.47 4.85 4.17 4.1_1_1 ___ 5_._22_r __ 3 __:_.3_4+---_~5-'-'. o'--'-15 
~~~~--- _____ o._og _____ _Q_ oo _____ 9:oo __ q_Q_Q_ ___ o_o_o __ o.oo ____ o_._oo-t-_ _ _ o_o_o--i ____ o ___ oo_ , 
T1 ' 4 0 00 0.00 0.00 0.00 0.00 0 00 0.00 0.00 0.00 
--------------- ---- --- ------- - 1-----~--,.-t--------,---,--,+-----1 
T s ite 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
------------ ------1------- - -----4r------+-------t------l 
Al ' 6 0.02 0.69 0.89 3.28 3.09 2.81 2.87 3.52 3.76 
-. ---- --1-------t--------1----------l 
Ti ' 6 0.00 0 01 0 00 0.01 0.00 0 01 0 .06 0 .01 0.00 
er--- o 57 ----63 5+---- o 41 0.21 -----o.18 0.20 o 24 0.44 1---=-o --=-2-::-io :::: ----=~ ~~ ~-~ :~j ~- ; ~; ~~: - ~~: - ~- ~~ -- ---~.-~-~+-----~-·~-~-~-----~ - ~--1~ 
----------- -----, --- - ·--·----- ------ ------- ----- - - ----l----
Mn'2 0.00 0.00 0.00 0 00 0 00 0 00 0 00 0 00 0.00 
Mg --4-.5-4 - - 3.67 -----3.-3-7 --0.68 1.74 1.89 0.55 0~63 --0::-:-_-:--81.:...1 
,.,.L7i "'------l-----o-=-_--=-o-=-o ' ------o.---oo ---- o.oo ---o-.o-o · o.oo ----6-.o-o -----...,..o --=o--,-o1------:oc-. o-,.-o:-~-------,-o--=. o--o- 
1
..,0,---s-...,i-te---t-----:7=-.-=-22-::-i------=-6. 65 --6:48 --6~43 6. 22 6 . 38 ---76'--:::_ 6--=-o+-------,5::-:-_ 733::--t-------=-6'--:::_ 2:-=-11 
sa o.oo o.oo o.oo --o oo o.oo o oo ----·a:oo o.oo o.oo 
l-:-c------4----~-!------:-c:-:::-!----,----,--: ----- --- - - -:.--:----:t---------:::--::c=-1-------:o---:--::-1 
C a 0. 0 4 0. 0 7 0 0 5 0. 09 0. 06 _ 0. 05 ___ 0=-. -=-11::--t------=--0 .--:::0-=-7 +-------:::0-::_ 1:-:::-10 
Na ----t---o=-_-=-:02:o-1 0.03 o 01 0.04 0.04 o.o2 0.09 0.08 0.06 !-:--:-- --+----:::-::-+----=--='------ --- -------1- ---------,--t---------l-------:-:---=-+-----,----i 
K 0.04 0.08 0.08 0.26 0.31 0.19 0.48 0.47 0.40 
A site 0.10 ---o- _-18-l-----0- -15-l-----0.-3-91--- 0.41 0.27 0.68 0.62 0.56 
o 2 o. oo 2 o. oo 20. oo 20. oo f-------=--20:.-. -::-oo +------,---:20,.--. o:c-co , ___ ----=-2o-::-_--,-,oo-::-r--=-2o-,.-_-=-oo-:-1---=-2o-,.-_-=-oo"""' 
-=o,..,.H-,-----+----4.,--. -=-oo:o--1 4 _ oo 4 ~oo - --4-:-_-=-o-=-o t- -----:4---:coo:o--1-----,-,--4 .--=-o-=-o i- 4. oo 4 _ oo 4 _ oo 
F o.oo --o~ ----o~oo o.oo o oo - -o oo --·-o-,.-_-=-oo,.-r--o-,.-_-=-oo,.-r--o:.-_-=-oo:-! 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 




Opmerking: Later sal ons sien dat die skuifspannings soos deur middel 
van vgl. 2.2 bereken, nie die werklike maksimurn 
skuifspannings is nie, aangesien die skuifspanning-verdeling 
oor die snit nie konstant is nie. Die skuifspannings is die 
gemiddelde skuifspannings. 
2.3.2 
Vir praktiese ontwerpdoeleindes in gevalle van 
boutverbindings soos in figuur 2.10 is die gemiddelde 
skuifspanning 'n aanvaarde kriteriurn. Let verder op dat in 
figuur 2.10(b) daar 'n klein ongebalanseerde moment P.e 









'n Staalstafie,. 6 mm deursnit hang vertikaal en is konsentries belaai 
met 'n massa van 400 kg . Wat is die spanning in die stafie? 
Oplossing: 
Om hierdie probleem op te los, moet ons eers 'n idealisering maak: 
Omdat die massa van die stafie baie klein is in 
mass a van die gewig wat daaraan hang, kan di t 
akkuraatheid buite rekening gelaat word. 




vergelyking met die 
sender verlies van 
moet ons die krag P in die staaf en ook die deursnitoppervlakte van die 
staaf bereken. 
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• CJ < 10 ppb 1\U 
• 
• W2) to ppb 1\U 10 20 
rQ 20 to 100 ppb AU 
' 




soil sample location 
• 
1\U conce ntra tio n at a 
2 30 
specific loc ation . 
• 
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• • • LEGEND 
• 
• c=J <10 ppb Au 
• 
~ 10 to 20 ppb AU 
r8] 20 to 100 ppb AU 




soil sample location 
• 
AU concentration at a 
2)0 
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• CJ < 10 ppb AU 
• 
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<10 ppb AU 
10 to 20 ppb AU 
20 to 100 ppb AU 
100 to 230 ppb AU 
Soil sample location 
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